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1 Introduction 
 
1.1 Conjugated Polymers 
 
Conjugated polymers have drawn the attention of the scientific community over the last three 
decades. They are known as the class of polymers, which has a backbone configuration of 
alternating single and double bonds, whereby the delocalization of the π-electrons along the 
polymer chain is feasible.[1,2] The initial intension and thoughts of using the conjugated 
polymers as insulating materials was rapidly overrun by a wide range of other potential 
implementations. Applications in the fields of rechargeable batteries, electrical circuits, 
antistatic coatings, light-emitting diodes, biosensors or ultrathin multi-media screens have 
already been presented.[3] As conjugated polymers are endowed with a distinguished chain 
conjugation, which enables the delocalization and the distribution of the electrons between the 
atoms through the whole polymeric backbone, they fulfill the structural requirement for a 
conducting polymer. A critical point, which must however be considered, is that polymers 
reveal conductivity when treated by a doping process. Doping carried out by either a partial 
reduction or an oxidation of the polymer through charge transfer agents (dopants), allows 
loosely bound electrons to flow along the polymer chain producing electric current.[4] Except 
their ability to remove or add electrons to the conjugated systems, dopants play also the role 
of charge carriers between the polymer chains.[3] By means of the doping process conducting 
properties are passed on to the polymers and the first conjugated polymer exhibiting electrical 
conduction namely poly(acetylene) became reality. 
1.1.1 Historical Background 
 
The first attempts to synthesize conducting conjugated polymers have roots back to the 
nineteen sixties and are the merit of the work carried out by Pohl, Katon and others.[5,6] The 
synthesis of poly(sulfur) nitride (Figure 1.1a) allowed acquiring a material, where high 
conductivity was observed, recording a first success in the field of fabrication of viable 
polymeric conductors.[7,8] The research on this area was intensified in the late seventies-
early eighties[9-11] when poly(acetylene) films were investigated showing enhanced 
conductivity upon exposure to halogen vapour. Poly(acetylene) (Figure 1.1b) is the simplest 
conjugated polymer, where the build-up of the backbone is based on three in-plane σ-orbitals. 
Two of the σ-orbitals are linked to the neighboring carbon atom, while the third one is bonded 
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to a hydrogen atom. The fourth electron is found in the pz-orbital and can be considered as 
independent from the residual three orbitals due to its orthogonality to the plane. This one 
electron exhibits the tendency to decouple and delocalize being thus responsible for the 
interesting electronic properties of poly(acetylene).[12] 
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+
 
 
Figure 1.1: Structural configuration of poly(sulfur) nitride (a)[13] and the schematic 
representation of the sp
2
pz hybridization ( : pz) in poly(acetylene) (b).[12] 
 
The endeavors of Alan J. Heeger, Alan. G. MacDiarmid and Hideki Shirakawa in order to 
produce conducting poly(acetylene)s ended up in 1977 with the discovery that acetylene 
monomers doped with bromine and iodine vapours led to polymers with ten times higher 
electrical conductivity compared to undoped monomers. The efforts of the three 
aforementioned scientists and researchers were awarded with the Nobel Prize in Chemistry 
2000 indicating emphatically the significance of their work on the field of the ‘development 
of conductive polymers’. The findings of the trio motivated scientists to investigate 
extensively and systematically conjugated macromolecular systems and more specifically in 
terms of their chemical and physical properties. These properties made conjugated polymers 
promising for light-emitting devices and their journey towards their implementation in 
commercial development started in the 1990s. It was the work of R. H. Friend and co-
workers, which initiated the future of conjugated polymers in application of scientific and 
industrial interest giving birth to economically viable light-emitting diodes.[14] This 
remarkable trend is still ongoing up-to-date rendering the conjugated polymers one of most 
interesting classes of macromolecular materials.[15-17] 
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1.1.2 Synthetic Methodologies 
 
The interesting opto-electronic properties of the conjugated polymers and their potential 
applications as semiconducting, light-emitting or sensing materials caused the growth of the 
efforts to successfully synthesize such kind of polymers. The dependence of the properties on 
the purity of the conjugated polymers demanded the development of synthetic procedures free 
of catalyst leftovers and side-products, which can deteriorate the quality of the end-products. 
In general, conjugated polymers can be prepared by six different types of procedures and are 
briefly described below[18]: 
 
 
1) Coordination Polymerization[19] 
 
The metathesis polymerization of phenylacetylene depicted in Figure 1.2 is an example of 
this type of polymerization. 
 
C CH
coordination
polymerization
C CH
n
phenylacetylene poly(phenylacetylene)  
 
Figure 1.2: Coordination polymerization of phenylacetylene.[18] 
 
2) Chemical (Oxidative/Dehalogenation) Polymerization[20] 
 
Industrial production of poly(thiophene) by means of stoichiometric amounts of a chemical 
oxidant (Figure 1.3) is representative for this type of polymerization. 
 
S S
2n FeCl3 + 2n FeCl2+ 2n HCl
n
n
thiophene poly(thiophene)
 
 
Figure 1.3: Chemical polymerization of thiophene via oxidation.[18] 
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3) Chemical (Catalytic) Polymerization[21] 
 
The catalyst-based chemical polymerization includes couplings like the Suzuki-Miyaura 
coupling, the Heck, Yamamoto, Stille, Kumada, or Sonogashira ones and is in particular 
applied for the synthesis of poly(phenylene ethynylene)s and fluorene homo- and copolymers 
(Figure 1.4). 
 
 
BB
O
OO
O
R R
BrBr
R R nPd-catalyst
f luorene  
 
Figure 1.4: Chemical polymerization of a fluorene via the Pd-mediated Suzuki-Miyaura 
reaction.[18] 
 
4) Chemical Transformation of a Precursor Polymer[19] 
 
A typical example of this procedure is the retro Diels-Alder reaction exemplarily depicted in 
Figure 1.5 for poly{(5,6-bis(trifluoromethyl)bicyclo[2,2,2]octa-5,7-dienevinylene} 
abbreviated as PTFBDV. 
 
CF3 CF3
n
PTFBDV
CF3 CF3
transformation
50 °C
n +
n
 
 
Figure 1.5: Chemical transformation of the precursor PTFBDV via a retro Diels-Alder 
reaction.[18] 
 
5) Electrochemical Polymerization[3,22] 
 
Electrochemical polymerization is carried out by passing current through a solution, whereby 
oxidation at the anode and reduction at the cathode takes place resulting in polymer-film 
deposition in one of the electrodes. One prominent example in this category is the 
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electrochemical polymerization of aniline in aqueous HCl solution, while its reaction course is 
depicted in Figure 1.6. 
 
N
-2e , -H
NH
aniline
initiation
NH2 NH NH2NH
-H
electrophilic
substitution
NH2 NH
propagation
NH2 NHNH NH2
-H
reactivation
H
H
-2e , -H
 
 
Figure 1.6: Schematic description of the electrochemical polymerization of aniline.[3] 
 
6) Photochemical Polymerization[23] 
 
The 1,2- or 1,4-addition polymerization of dialkynes (R1-C≡C-C≡C-R2) are typical examples 
for a photochemical polymerization and can be initiated by high UV-, X- or γ-irradiation 
(Figure 1.7). In this case, the type of addition depends significantly on the geometry of the 
monomer. 
R
1
R
2
R1
R2
n
dialkyne
hv
n
poly(dialkyne)  
Figure 1.7: Photochemical polymerization of dialkyne proceeded via a 1,2-addition.[18] 
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1.2 Poly(fluorene)s 
 
Conjugated polymers embrace a vast number of macromolecular compounds, whereby their 
structural diversity is attributed to the variety of choice when designing the backbone- and the 
side-chain configuration.[24] Among the many reported conjugated polymers, the family of 
poly(fluorene)s (PFs) has evolved as an interesting class on the basis of desirable properties 
like the facile synthesis, the environmental stability, their processability and their efficient 
blue-light emission just to mention few.[25-27] Poly(fluorene)s belong to the class of rigid-
rod polymers with a rigid backbone and flexible side-chains, which can be varied or end-
group-functionalized. The building block of the fluorene monomer consists of a stiff biphenyl 
unit, which is interconnected to a central carbon atom at the nine position as depicted in 
Figure 1.8. 
 
9
1
2
3456
7
8
 
 
Figure 1.8: The fluorene building block. 
 
The remote carbon at the 9-position of the fluorene-ring can participate to nucleophilic 
substitution reactions due to the acidity of the bridgehead protons giving the possibility to 
decorate the fluorene building-block with different side-chains improving in this way the 
solubility and processing quality of the coming-out polymers.  
The discovery of electrical conductivity in poly(acetylene) was indeed a pioneering 
achievement in the field of developing polymeric conducting materials. However, the 
disadvantage of poor processabilty and instability of poly(acetylene)s turned scientists to 
investigate the more stable class of aromatic polymers including poly(fluorene)s. At the early 
1980s electrochemical polymerization enabled the acquirement of poly(fluorene)s in the solid 
state (Figure 1.9a).[28-30] The prepared films were, however, infusible and insoluble and 
thus far away from the target of synthesizing polymers, which can be easily processed, 
combining synchronously the electronic properties of conducting materials and the 
mechanical characteristics of the traditional polymers. The first report of a solution-
processable poly(fluorene) (Figure 1.9b) is attributed to Fukuda and coworkers[31] who 
revolutionized the synthesis-field and widespread the attempts of the researchers to control 
and manipulate the structures of the PFs in order to exploit their properties for advanced 
polymeric technologies. 
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R1R2
R1:H R2:H
R1:CH3 R2:H
R
1
:CH
3
R
2
:CH
3
R1:OH R2:H
R1:Cl R2:H
a)
n
R1R2
n
R1:H R2:alkyl
R1:alkyl R2:alkyl
b)
 
 
Figure 1.9: Poly(fluorene)s synthesized by electrochemical polymerization (a)[29,30] and the 
structure of the first reported soluble analogue (b).[31] 
 
Except the chemical polymerization by means of FeCl3 as oxidative coupling agent 
introduced by Fukuda et al., organic chemistry provides a variety of synthetic tools in order to 
produce structurally defined poly(fluorene)s. Heck[32,33], Kumada[34,35], Yamamoto[36], 
Suzuki[37], Stille[38,39], Sonogashira[40] couplings, amongst others, are utilized for this 
purpose allowing significant progress in the field of synthesis of poly(fluorene)s with specific 
design and configuration. Figures 1.10a-f illustrate the synthetic pathways towards 
poly(fluorene)s based on the six aforementioned reactions. Most of the poly(fluorene) 
synthetic approaches are based on the nickel(0)-catalyzed polymerization of Yamamoto and 
the palladium-mediated polymerization of Suzuki. The Yamamoto step-growth 
polymerization requires fluorene comonomers, which possess dibromo-functionalities but 
chloro- or iodo-functionalities attached on the fluorene building block render the reaction 
feasible, as well (Figure 1.10c). The polymers obtained according to Yamamoto are normally 
of high molecular weight[41], while the operators profit also from the experimental simplicity 
of the method. The disadvantages, however, are the obligatory use of stoichiometric amounts 
of the expensive nickel reagent and the loss of control over the backbone configuration of the 
final products. On the other side, the Suzuki-based methodologies demand dibromo- and 
diboronic acid ester-functionalities of the comonomers participating in the polymerization 
procedure (Figure 1.10d). The A-B backbone configuration (A & B stand for the two 
comonomers) guaranteed by the Suzuki cross-coupling make the control over the backbone 
constitution possible. 
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Figure 1.10: Schematic representation of the different synthetic routes for the acquirement of 
poly(fluorene)s by means of Heck (a)[33], Kumada (b)[35], Yamamoto (c)[36], Suzuki 
(d)[37] Stille (e)[39] and Sonogashira (f)[40] coupling reactions. 
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High molecular weights are, however, not always the case due to the strict stoichiometry 
required and the difficulties in purifying the boron-containing counterparts.[42] The 
utilization of a phase-transfer catalyst can in this case give increased molecular weights.[37] 
The achieved target of synthesizing solution-processable poly(fluorene)s had as logical 
succession the investigation of their behavior in solution. Three key factors are responsible for 
the polymer characteristics in solution, namely the nature of the solvent, the fraction of the 
polymer and the nature of the side-chains. Taking poly(9,9'-dioctylfluorene) (PF8) as 
fundamental example a chain morphology, depending on the type of solvent used, could be 
documented. Thus, PF8 forms sheet-like geometries in a poor solvent like methylcyclohexane 
but builds an isotropic phase of rod-like polymeric chains when investigated under identical 
conditions in the better solvent toluene.[43,44] The same rod-like structure exhibits the 
tendency to aggregate forming a huge cluster-like morphology, when the polymer fraction is 
enhanced in the toluene solution.[45] The aggregation tendency is also influenced by the 
length of the side-chains and in particular an aggregation diminishment was found with 
increasing side-chain length at room temperature allowing the falling back of the polymer to 
an isotropic phase.[46] In terms of their optical properties in solution, Figure 1.11 illustrates 
exemplarily the observed transitions as measured for a poly(9,9ʹ-dioctylfluorene) (PF8), a 
Yamamoto synthesized polymer. 
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Figure 1.11: a) Poly(9,9ʹ-dioctylfluorene) with an Mw of 321000 g/mol and polydispersity of 
3.1. b) Normalized absorption and emission spectra of PF8 in chloroform (10
-7
 mol/L).[27] 
 
The absorption spectrum of PF8 exhibits a maximum at 390 nm assigned to a strong π-π* 
transition, while the absorption onset often used for the determination of the optical band-gap 
is found at circa 418 nm. The featureless absorption pattern is typical for many conjugated 
a) b) 
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polymers and has its origin to the fact that polymers consist of a distribution of conjugation 
lengths. The distribution of polymeric chains is responsible for a distribution of energies and 
as the energy of the π-π* transition is associated with the conjugation lengths a broad 
absorption is the final outcome, whereby vibronic features of any particular segment are 
hidden.[27] On the other side, the emission spectrum shows three well-resolved peaks with a 
maximum at 418 nm and vibronic shoulders at 442 nm and 472 nm assigned to the 0-0, 0-1 
and 0-2 intrachain singlet transitions, respectively. PF8 and poly(fluorene)s exhibit blue 
photoluminescence but combination of the fluorene building block with a variety of different 
aromatic monomers like anthracene, biphenyl, furan, 2,1,3-benzothiadiazole, 2,2'-bithiophene, 
1H-pyrrole, thiophene, phenylene, (E)-1,2-diphenylethene, triarylamine and their derivatives 
can expand the emission over the full range of colors (blue, green, yellow, red).[47] The 
photoluminescence quantum efficiencies of PFs are high in solution and remain large in films 
as well.[36,48,49] However, the blue emission originating from poly(fluorene)s and 
especially from poly(dialkylfluorene)s becomes unstable after annealing the material or 
implementing it in an electroluminescent device. The result is a long-wavelength emission 
band at around 530 nm, which is assigned to emission from fluorenone defects incorporated in 
the polymer backbone. The defect sites were postulated to be formed during the 
polymerization via reduction of fluorene to fluorenyl anions, which were subsequently 
oxidized by atmospheric oxygen to ketone during synthesis or handling.[50,51] Thus, 
developing stable blue emission has drawn the attention of scientists, whereby attachment of 
bulky groups[52], blends with hole transporting materials[53,54] and preclusion of 
monoalkylfluorenes from the reaction[55,56] are some of the approaches applied and 
improved the quality of the polymers as emitters. Moreover, PFs as wide band-gap materials 
can play the role of a host and serve as energy transfer donors, when used in conjunction with 
other smaller band-gap comonomers or phosphorescent dyes.[57,58] The design of these host-
guest systems targets to an efficient Förster energy transfer from the fluorene to the 
chromophores, enabling emission across the whole visible spectrum. The thermal stability of 
homo- and copolymers of the class of PFs is excellent with decomposition temperatures at 5% 
weight loss exceeding 400 °C. The glass transition temperature (Tg) depends on the nature of 
the comonomers and the backbone composition. Nevertheless, a ‘rule of thumb’ concerning 
the dependence between comonomer backbone incorporation and Tg value could not be 
established.[49] Poly(dialkylfluorene)s with unbranched alkyl substituents at the C9-position 
like PF8 possess two nematic liquid crystalline phases. Longer alkyl-chains exhibit the 
tendency to reduce the transition temperatures. Exemplarily, homopolymer PF8 with the two 
 11 
octyl-chains shows nematic phases between 80-103 °C and 108-57 °C, while PF6, the 
analogue with the two hexyl-chains, possesses nematic phases between 162-213 °C and 222-
246 °C.[59,60] In contrast, polymers with branched alkyl-substituents like 2-ethylhexyl 
exhibit only one nematic phase.[61] 
 
1.3 Semiconductor Nanocrystals 
 
Semiconductor nanocrystals, known also as quantum dots (QD), are inorganic solids 
possessing sizes in the range of 1-100 nm. In the past three decades a raising interest 
regarding the exploration of the QDs behavior emerged, triggered by the work of A. 
Henglein[62,63] and expressed by moving from the basic nanocrystal science to the 
implementation of their opto-electronic characteristics in commercial areas aiming at high-
tech profitable applications. Their tunable optical and electronic properties make them ideal 
candidates in photonic-, photovoltaic-, sensor- and light-emitting diode devices.[64] The most 
widespread quantum dots are the so-called II-VI semiconductor nanocrystals including CdSe, 
CdS, CdTe, ZnSe, ZnS, ZnTe, whereas quantum dots of the III-V (InP, GaP, GaInP2, GaAs, 
InAs) and IV-VI (PbS, PbSe, PbTe) groups have been synthesized and photophysically 
characterized, as well.[65] The dependence of their physical, chemical and electronic 
properties on the ‘quantum confinement’ effect brings the tuning of the nanocrystals qualities 
in direct connection to the energy band distribution in the material. Quantum dots as 
semiconductors possess a filled band called ‘valence band’ and an empty one called the 
‘conduction band’. The ‘quantum confinement’ phenomenon comes into sight when a 
semiconductor is irradiated with photon energy larger than the band-gap energy Eg. As a 
consequence, an electron will be promoted from the valence to the conduction band, whereby 
a hole, considered behaving as a particle, remains in the valence band. This electron-hole pair, 
also referred to as exciton, has a low binding energy due to the small masses of the two 
counterparts and its radius plays a crucial role influencing the properties of the 
nanocrystals.[66,67] In particular, if the Bohr radius of the nanocrystal is equal or smaller 
compared to the radius of the exciton, the latter can not anymore remain in the ground state. 
The energy level structure of the ground state including the exciton must be thus rearranged in 
a higher level due to the higher kinetic energy. In other words, when the dimensions of the 
nanocrystals are reduced, the exciton can still populate the ground state, the energy level of 
the latter is, however, altered by the size diminishment and shifted to a promoted level. The 
‘particle in a box’ model, mathematically expressed by Equation 1, is used in order to 
describe the aforementioned event, where the particle walls are understood as the box.[68] 
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where ΔE is the change in the band-gap energies relative to a bulk solid 
 R is the radius of the nanoparticle 
 me/h are the effective masses of the electron and the hole 
 ε is the dielectric constant 
 e is the elementary electron charge and 
 h the Planck’s constant. 
 
The first term of Equation 1 reveals that the energy is a function of 1/R
2
, while the second 
term is representative for the hole-electron Coulombic interaction. As a consequence, the 
energy band Eg is associated with the size of the particle and more specifically an energy 
increase is the result of a diminishment in the particle dimensions. This correlation is 
schematically represented in Figure 1.12 being, however, strong simplifications of the band 
structures as the actual quantum dots display surface imperfections and loosely attached 
bonds. 
           
 
Figure 1.12: Diagram of the change in energy levels upon changing the quantum dot size, 
where Eg(QD) and Eg(bulk) represent the band-gap energies of the quantum dot and the bulk 
solid, correspondingly.[69] 
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Figure 1.12 shows that the bulk material with the large number of atoms possesses strong 
bands and a small band-gap. If the number of atoms is reduced, the density of the energy 
levels decreases and simultaneously the distance between the top band-edge of the valence 
band and the bottom band-edge of the conduction band increases. Thus, nanoparticles with a 
smaller number of atoms (smaller radius) possess larger energy band-gaps compared to 
particles, which have larger radii. In other words, the reduction of the particle size causes a 
division in the distribution of the band energy leading to higher band-gap energy values and 
size-tunable optical properties of the semiconductor quantum dots.[70-72] Figure 1.13 
represents exemplarily the optical properties in terms of absorption (blue line) and emission 
(red line) intensity of CdSe nanocrystals passivated by a ZnS shell in a typical core-shell 
quantum dot. In the absorption spectrum, two maxima can be identified at 510 nm and 620 
nm. The maximum at 620 nm comes off by excitation of an electron from the top side of the 
valence band to the bottom layer of the conduction band. As a consequence, the energy of this 
transition can be assigned to the band-gap value and incorporated in Equation 1 in order to 
calculate the radius of the particle. The second maximum at 510 nm is the result of an electron 
transition from the valance band into a higher level of the conduction band, whereas further 
maxima would speak for transitions in even higher levels of the conduction band. 
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Figure 1.13: Normalized absorption and emission spectra of CdSe/ZnS Lumidots purchased 
from Sigma-Aldrich. Experiments performed using a concentration of 0.033 mg/mL in 
toluene and an excitation wavelength of 500 nm in case of the fluorescence measurement.[70] 
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The absorption characteristics revealed in the spectrum are signature proofs of the 
consequences of the ‘quantum confinement’ effect upon decrease of the particle’s dimensions 
namely the increased band-gaps and the decreased density of band levels. In the emission 
spectrum, only one maximum at 638 nm is observed and is assigned to the radiation-emitting 
transition of the electron populating the lower edge of the conduction band to the upper level 
of the valence band. The broadness of the peak is attributed to the fact that the energy band-
gap is not only dependent on the particle structure and surface functionalization but on the 
particle size, as well. All other transitions are not pronounced and proceed via release of 
vibrational energy.[73] 
The structural build-up of quantum dots can be composed of only crystalline cores decorated 
with surface stabilizing ligands (core particles e.g. CdSe), cores on which an external coating 
is grown and increases the stability of the dots (core/shell particles e.g. CdSe/CdS)[74] and 
particles passivated by a multi-shell architecture (core/shell/shell e.g. CdSe/CdS/ZnS), 
whereby the lattice parameters and band-gap alignment must be taken into consideration, 
when fabricating such systems.[75] Generally, the synthesis of nanoparticles involves 
addition of surfactants, which play the role of surface stabilizers, preventing aggregation and 
controlling the particles’ growth. Three strategies are applied in order to synthesize quantum 
dots, whereby the so-called ‘bottom-up’ and ‘top-down’ approaches are the two basic ones. 
According to the ‘bottom-up’ method, molecular or ionic precursors of the quantum dots are 
allowed reacting in solution in order to obtain the nanocrystals as colloids. The ‘top-down’ 
approach uses macroscopic material, which is broken down by means of laser or crushing 
enabling large production volumes. In the third available methodology, known as the ‘hybrid 
route’, quantum dot precursors are utilized, which are reacted in the gas phase and finally 
deposited as films on substrates.[69] Regardless which synthetic method is applied, the 
acquired quantum dots possess a large surface to volume ratio rendering them unstable in 
solution and inducing cluster formation (agglomeration) due to the high surface energy. Thus, 
stabilization of the newly fabricated nanoparticles is inevitable and must be considered as part 
of the synthetic route. The ligands bound to the surface of the nanoparticles (‘capping 
ligands’) can contribute to the stability and prevent collapse of the particles. Regarding their 
interaction with the solvent, polar or charged ligands provide solubility in polar solvents, 
while non-polar ligands provide solubility in apolar organic solvents like n-hexane or toluene. 
In case of the organic solvents, hydrophobic ligands prevent aggregation of the nanoparticles. 
Molecules belonging to this class of ligands are illustrated in Figure 1.14. In aqueous 
solutions stability is guaranteed by repulsive forces between the particles originating from 
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electrostatic interactions of equally-charged ligands, which are attached on the particle surface 
and contain most commonly carboxylic or sulfonic acid-groups. Examples of such molecules, 
which enable the stabilization of the nanoparticles through simultaneous transfer from the 
initial organic to the aqueous phase[76] are represented in Figure 1.15.  
 
 
Figure 1.14: Capping ligands used for the functionalization and stabilization of a nanoparticle 
in organic solvents. Beginning from the top and following a clockwise direction the 
hydrophobic molecules represented in here are: Triphenylphosphine, tetraoctylammonium, 
oleic acid, dodecanethiol, trioctylphosphine oxide. The three-dimensional structural 
representation of the triphenylphosphine reveals the spatial conformation of the molecule on 
the surface of the nanocrystal and the binding via the phosphor atom. In the 3-D model the 
yellows spheres designate hydrogen atoms, the blue ones carbon atoms and the single purple 
sphere the phosphor atom.[77] 
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Generally, three capping methodologies have been developed, targeting the synthesis of 
water-dispersible and photochemical stable nanocrystals.[71] In the firstly described 
methodology of the ligand-exchange, the ligands stabilizing the particles at first point are 
exchanged by capping ligands, which bind more strongly to the inorganic nanoparticle surface 
providing colloidal stability. Typical example is the exchange of a trioctyl phosphine/trioctyl 
phosphine oxide mixture (TOP/TOPO) with a hydrophilic thiol-based molecule like 
mercamptocarboxylic acids (see Figure 1.15), which possess a good surface-anchoring thiol-
group able to chemisorbe or covalently link on the surface of the quantum dot and a 
hydrophilic end-group able to facilitate water compatibility. 
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Figure 1.15: Capping ligands used to stabilize nanoparticles in the aqueous phase. From the 
left to the right the hydrophilic molecules represented in here are: thioglycolic acid 
(mercaptoacetic acid), mercaptopropionic acid, mercaptosuccinic acid, dihydrolipid acid, bis-
sulfonated triphenylphosphine, mercaptoundecanoic acid and 2,5,8,11,14-
pentaoxahexanedecane-16-thiol.[77] 
 
The second methodology includes the modification of the nanoparticles with a silica shell. 
The latter can be considered as a polymer functionalized with polar groups, which insulate the 
hydrophilic QDs. This method uses a ligand exchange procedure in order to wrap a first silane 
layer to the quantum dot surface. By means of this layer, a cross-linked silica shell layer is 
deposited on the particle, which can once more be modified leading to nanoparticles of 
different materials like Au[78], CdSe/ZnS[79] or Fe.[80] 
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The third strategy maintains the already existing capping ligands on the particles’ surface and 
uses an additional polymer coating that adsorbs by hydrophobic interactions of side-
hydrocarbon chains and van-der-Waals forces between the molecules. The final coated 
particles bear physical and chemical surface characteristics, which are independent of the core 
material. Amphiphilic polymers provide a great number of contact points between the ligands 
and the polymeric sites preventing the release of the polymer from the particle surface. 
Acrylic acid- and maleic anhydride-based polymers are typical examples of the class of 
amphiphilic polymers.[81,82] Block copolymers can also be used as amphiphiles, building a 
coating via the micellar structures generated by their hydrophobic or hydrophilic segments 
inside the backbone when dispersed to the respective solvent.[83,84] The goal of synthesizing 
stable nanocrystals by converting in principle hydrophobic surfaces to hydrophilic ones as 
described previously, is to exploit and take advantage of the unique properties of the 
semiconductor quantum dots. Quantum dots are excellent inorganic dyes due to their precisely 
tuned emission wavelength upon change of their size, their extreme photostability and their 
resistance to bleaching over long period of time. These properties combined with the fact that 
quantum dots can be rendered biocompatible[85] expand their applicability to the biomedical 
field opening the way for in vivo imaging[86,87] and fluorescence labeling.[88] However, and 
despite the advances regarding the two aforementioned technologies, the issue of toxicity 
arising from the heavy metals and the capping agents incorporated in the nanocrystals should 
still be properly addressed in the future, in order to perhaps some day realize diagnostic 
treatments in human organisms, as well.[88] Furthermore, the broad absorption spectrum of 
the quantum dots as already illustrated in Figure 1.13 gives the opportunity to excite them at 
almost all excitation wavelengths shorter than their emission maximum. This advantageous 
behavior of the nanocrystals can be useful when detection of different colors in a sample is 
needed and mediated via a single excitation wavelength and a single emission scan. As 
nanocrystals excited by light exhibit the tendency to suck the generated charge carriers, 
quantum dots are suitable for solar cell fabrication, as well. Moreover, the high stability and 
large quantum yield of the nanoparticulate material make quantum dots also good candidates 
in light-emitting diodes and as fluorescence markers in non-polar media.[70] 
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1.4 Polymer-Nanocrystal Composites/Hybrids 
 
Nanocomposites based on semiconducting quantum dots and conjugated polymers represent a 
class of functional materials bearing optical, electronic and magnetic properties not observed 
in any of the two counterparts. Their promising synergistic properties like for example the 
spectral tunability and photostability, made nanocomposites desirable candidates in 
applications like light-emitting displays[89,90] and photovoltaics[91-93] and triggered a 
further interest in terms of preparing such composite systems and subsequently controlling 
and tuning their new-gained electronic and spectroscopic characteristics. According to the 
International Union of Pure and Applied Chemistry (IUPAC) composites are defined as 
‘multi-component materials comprising different phase domains in the solid or liquid state 
where at least one type of domain is a continuous phase’[94], while this definition is 
complemented by the statement of ‘a physical distinction between the components and their 
interface’.[95] Hybrids, on the other side, are defined as ‘materials, which consist of 
chemically different components whose distribution in the molecular level is accomplished by 
mixing the components or by interconnecting the counterparts via covalent, coordinative, 
ionic or hydrogen bonds.[96] Each of the counterparts retains its chemical identity and can 
exist independently even beyond the hybrids. The hybrids, where the components are kept 
together by means of a bond, can be subdivided into two classes, taking into consideration the 
type of linkage. Thus, hybrid materials with components interacting weakly through hydrogen 
bonds or van-der-Waals forces belong to class I, while hybrids, where the organic and 
inorganic blocks are linked strongly to each other, through covalent or ionic bonds are 
hybridic materials of the class II.[97] 
 
1.4.1 Fabrication of Polymer-Nanocrysral Hybrids 
 
Combination of semiconductor nanocrystals with functional conjugated polymers is a highly 
desirable approach as the resulting hybrid materials take over the properties of processability, 
mechanical strength and flexibility from the organic counterpart[98-100] and of broad 
absorption spectrum, photostability and high electron affinity from the inorganic 
part.[101,102] Efforts on the preparation of the polymer-nanocrystal hybrids have been 
recorded in a large number of publications over the past fifteen years[102-105], whereby the 
variety in the chemical configuration of the chosen components provided a basis for the 
development of different synthetic approaches, the most significant are summarized and 
described below. 
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1.4.1.1 Blending 
 
Non-functionalized polymers are dissolved in trivial solvents and subsequently mixed with 
nanoparticles capped with initial ligands such as oleic acid, trioctylphosphine oxide, 
hexadecylamine. During the blending strategy neither polymers are derivatized nor 
nanocrystals are subjected to a ligand exchange procedure, restricting thus the applicability of 
the method. This limitation has its origin to the phenomenon of phase separation of the 
components in the micrometre scale[106] coming into sight due to the agglomeration 
tendency of the nanocrystals, when solvent is removed[107,108] and the tendency of the 
polymers to solidify and create semi-crystalline structures, whereby crystalline zones are 
separated from amorphous ones.[109] 
 
1.4.1.2 Capping 
 
Conjugated macrocompounds are functionalized with groups containing an anchoring 
function capable to tie on the nanocrystal surface and to perform an exchange with the initial 
ligands. The most popular anchoring groups are thiols but amines, phosphonic acids and 
carboxylic ones have been utilized as well.[110-113] Despite the importance of the capping 
ligands in terms of stabilization and prevention of particle aggregation, little knowledge is 
available regarding the strength of the nanocrystal-ligand bonds. A recent work on CdSe 
nanocrystals, however, showed binding energies between CdSe and ligands hexylthiolate 
(C6S
-
), hexylamine (C6NH2), hexylthiol (C6SH) and tributylphosphine oxide (TBPO) of 
1283 kJ/mol, 313.6 kJ/mol, 86.8 kJ/mol and 34.7 kJ/mol, correspondingly.[114] These data 
prove an enhanced stability in case of the thiolate-CdSe bond. For instance, molecules 
containing the chelating carbodithiolate moiety are excellent binding ligands due to their 
strong chemical affinity for the nanocrystal surface and can quantitatively be exchanged with 
the initial ligands.[115] Prerequisite to achieve chemical binding is to firstly synthesize 
oligomers, polymers and quantum dots with compatible functional groups that allow the 
counterparts to react with each other without jeopardizing the stability and the photophysical 
characteristics of the components. For oligomers, the anchor functionalities are placed as 
termini- or as side groups (Figure 1.16, routes 1 and 2), which can be the case in polymers as 
well (Figure 1.16, routes 4 and 5). However, as the number of anchoring groups decreases 
along the high-molecular weight chain, their incorporation in the side-chains is preferred. 
Examples of the ligand exchange method for the preparation of hybrids include conjugated 
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oligo- and poly(thiophene)s functionalized with thiol[116], phosphonic acid[101] or alkylene 
carboxylate substituents.[117] Preparation of nanocomposites of quantum dots (CdSe) and 
dendritic oligo- and poly(thiophene)s containing phosphonic acid moieties as linking 
mediators was achieved as well (Figure 1.16, route 3).[111] Beyond the thiophene class of 
macrocompounds, oligomers or polymers belonging to the family of phenylenes and bearing 
oxide[118] or sulfide[119] type terminal groups were also bound to the surface of 
nanocrystals.  
 
 
Figure 1.16: Schematic representation of the synthetic routes for the preparation of hybrid 
materials following a ligand exchange procedure of the initial hydrophobic ligands.[96] 
 
A further success was the association of a triblock copolymer embracing fluorene and 
ethylmethacrylate building blocks with CdSe nanocrystals, in which case the coordination of 
the amphiphilic polymer over a great number of contact points on the quantum dot surface 
stabilized the formed hybrid.[120] 
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1.4.1.3 Covalent Grafting 
 
Conjugated oligomers or polymers can be directly grafted-from or onto the surface of suitably 
functionalized nanocrystals. The ‘grafting-from’ approach works in the absence of the ligand-
exchange process and reduces thus the preparation of the hybrids to one single step. For this 
purpose a bifunctional ligand (p-bromobenzyl-di-n-octylphosphine oxide, DOPO-Br) 
endowed with a phosphine oxide group in order to facilitate the surface-linkage and an 
arylbromide-functionality capable of participating in a surface-initiated polymerization was 
fabricated.[121] By means of this compound, CdSe nanocrystals capped with DOPO-Br were 
obtained and further used to uniformly grow para-phenylene vinylene chains on all directions 
by copolymerizing them with 1,4-divinyl- and 1,4-dibromo-benzene derivatives via a 
palladium-catalyzed Heck coupling. However, the lack of control over the reaction conditions 
leading to organic segments of different length attached around the core results in a control-
loss over the HOMO-LUMO levels of the grafted molecules as well, rendering the composites 
of limited value. On the other side, the ‘grafting-onto’ strategy offers the possibility to 
manipulate the photophysics of the hybrids as predesigned polymers come this time into play. 
The initial ligands of the quantum dots are replaced by molecules, which possess an end-
group capable to bind on the nanocrystal surface and an additional reactive group with the 
role of making a reaction with the side- or end-functionalized predesigned macromolecule 
feasible. Using again DOPO-Br as surface-linker the synthetic procedure will be now carried 
out as following: the trioctylphosphine oxide ligands attached on the nanocrystals are initially 
exchanged with pyridine ones, which from their side can be easily replaced by the DOPO-Br 
molecules. The latter can initiate a grafting reaction via a Heck coupling between its bromo-
group and a terminal vinyl-group of poly(3-hexylthiophene).[122] Limitation regarding the 
‘grafting-onto’ approach can arise from polymer chains of relative shortness, the use, 
however, of predetermined macrocompounds directly attached on the surface of the quantum 
dot reveal characteristical photophysical and spectroscopic properties different from a poly(3-
hexylthiophene):QD blend.[123] 
 
1.4.1.4 Non-covalent Interactions 
 
The strong tendency of conjugated macrocompounds and nanocrystals to phase separate when 
incorporated in hybrid systems can be circumvented by allowing the components to interact 
non-covalently. Such interactions can be achieved by the molecular recognition approach, 
whereby a homogeneous distribution of the quantum dots in the polymer matrix is feasible. In 
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particular, a functionalized macromolecule for example poly(alkylthiophene) containing 
diaminopyrimidine side-groups is able to molecularly recognize surface-functionalized 
nanocrystals like 1-(6-mercaptohexyl)thymine capped CdSe via hydrogen bonding 
(Figure 1.17).[124] Electrostatic interactions have also been used for the preparation of 
hybrids and this approach is, based on the coming-together of quantum dots, stabilized for 
example by mercaptoundecanoic acid and a poly(thiophene) side-chain functionalized with a 
propyl trimethylammonium bromide-moiety.[125] 
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Figure 1.17: Schematic representation of the molecular recognition approach between a side-
chain functionalized poly(thiophene) and 1-(6-mercaptohexyl)thymine capped CdSe 
nanocrysrals proceeding via establishment of three hydrogen bonds.[124] 
 
Regarding the family of poly(fluorene)s, achieved hybrids upon this methodology include a 
water-soluble fluorene-phenylene copolymer interconnected with thioglycolic acid-capped 
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CdTe nanocrystals[126] and a dendritic fluorene derivative non-covalently bound on CdS 
nanocrystals.[127] 
 
1.4.1.5  In-situ Growth 
 
Nanocrystal precursors are dissolved in a polymer solution and grow within the polymer 
template overcoming thus the problem of finding a solvent, where both counterparts are 
processable. The polymer chains exhibit the property to stabilize the nanocrystals and 
passivate the surface, obtaining thus closely-associated blends. A typical example of this 
strategy is the in-situ grow of CdS nanorods in a poly(3-hexylthiophene) matrix, whereby the 
thiophene-sulfur enables the linkage to spherical particles, which subsequently nucleate and 
evolve into nanorods.[128] Nevertheless, growth of nanoparticles in a poly(thiophene)-based 
copolymer yielding a poly(thiophene)-ZnO hybrid has also been reported.[129] 
 
1.4.2 Energy Transfer 
 
Hybrids synthesized on the basis of conjugated polymers and semiconductor nanocrystals 
have contributed to the development of technologically relevant materials applicable in light-
emitting and photovoltaic devices.[89,92] The spectroscopic characteristics of the resulting 
nanocomposites and their control through the synthetic concepts applied, remains a challenge 
for the scientific world as the phenomena having the most important influence over the 
photophysics of the hybrids, namely energy transfer and charge separation are not fully 
comprehensible. Förster resonant energy transfer (FRET) is a non-radiative dipole-dipole 
coupling mechanism taking place between optically active species (donor-acceptor) and is 
dominated by the spectral overlap between the emission spectrum of the donor and the 
absorption spectrum of the acceptor and their spatial alignment as well.[130] The FRET 
mechanism theory came into sight in 1948 by Theodor Förster, who was the first one 
describing the process of non-radiative energy transfer from a donor fluorophore to an 
acceptor fluorophore of the same type.[131] One year later, Förster extended his theory on 
donor species possessing a larger energetic level difference ΔED compared to the electronic 
transition of the acceptor molecule ΔEA (Figure 1.18).[132] 
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Figure 1.18: Schematic representation of the Förster resonant energy transfer 
mechanism.[130] 
 
The term resonant means that the energy transfer from the donor to the acceptor proceeds 
isoenergetically, in other words from the excited donor level 1DE  only into a vibronically 
excited state of the acceptor *1AE . However, excess of energy is dispersed in less than a 
picosecond leaving the acceptor in the 1AE  state. This rapid energy vanishment, which takes 
place at a much faster pace, compared to the time interval needed for the resonant energy 
transfer, renders the FRET mechanism an ‘one way’ process. Fluorescence results, in the end, 
from the acceptor. Förster described the energy transfer rate by means of Equation 2 
assuming the donor-acceptor dyad as point-like molecules: 
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 where c is the speed of light, 
n the refractive index of the medium hosting the dyad, 
κ2 a parameter dependent on the mutual orientation of the two dipoles of the acceptor 
and donor, 
τr the radiative lifetime of the donor, 
d the distance between the donor and the acceptor, 
fD(ω) the integral normalized fluorescence spectrum of the donor, 
σA(ω) the absorption cross section of the acceptor molecules and 
ω the angular frequency. 
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The efficiency of the FRET mechanism, representing the number of quanta transferred from 
the donor to the acceptor divided by all the quanta absorbed by the donor, may be calculated 
as well using Equation 3[133]: 
     E = 1-FDA/FD       (3)  
 
where FDA,FD are the donor intensities in the presence and absence of the acceptor both 
normalized to the same donor concentration. The energy transfer efficiency depends on the 
distance separating the donor-acceptor pair, the overlap of the fluorescence spectrum of the 
donor with the absorption spectrum of the acceptor and the relative orientation of the donor 
and acceptor dipoles.[133] However, the Förster theory can only be implemented for donor 
and acceptor molecules, whose pure dipole-dipole interactions predominate and can, 
therefore, occur over longer distances. For significantly smaller distances, stronger electric 
and magnetic interactions between the donor-acceptor pair should be the case, allowing for 
example dipole-quadrupole interactions and the so-called Dexter energy transfer to occur. The 
Dexter ET is a non-radiative process taking place at sub-nanometer distances, which render an 
overlap of donor and acceptor electron orbitals feasible.[134] Otherwise, like the Förster 
mechanism, the Dexter theory involves a double electron transfer between donor and 
acceptor, whereby the latter fluoresces after energy transfer from the former (Figure 1.19). 
Except singlet-singlet ET the Dexter mechanism enables diffusion of triplet excitons as well. 
 
 
 
Figure 1.19: Schematic diagram of the Dexter mechanism where the asterisk stands for 
excited states of the donor (D) and the acceptor (A) and the red arrows reveal the electronic 
configuration rearrangements.[135] 
 
 26 
The energy transfer rate, unlike the six-power dependence of FRET, is described by an 
exponential function of the separation distance between the donor-acceptor dyad and is 
mathematically represented in Equation 4: 
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R
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eJKK
2
           (4) 
 
 where J is the normalized overlap integral of the absorption and emission spectra, 
RDA the distance between donor and acceptor, 
 L the sum of van-der-Waals radius and 
 K an experimental factor related to specific orbital interactions. 
 
Beside the energy transfer, the conductive pathway of charge transfer is an equivalently 
significant electronic process. Such a transfer takes place in the interface of a donor-acceptor 
pair, when the energy level of the LUMO of the acceptor is significantly lower than the 
LUMO of the excited donor (Figure 1.20). The electron-hole separation, made possible when 
their binding energy has been surmounted, allows an electron transfer to take place from the 
donor to the acceptor and discloses the phenomenon of charge transfer. Its outcome is 
positively and negatively charged donor and acceptor molecules, respectively.  
 
 
 
Figure 1.20: Schematic representation of the charge transfer process, where the asterisk 
stands for excited states and the plus-minus symbols for positively and negatively charged 
species of the donor (D) and the acceptor (A).[135] 
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The charge separation process drew the attention of scientists and conjugated 
polymer/nanocrystal systems became due to their special band-gaps, which are suitable for 
charge separation across their interface, the subject of intensive studies.[136-138] 
Nevertheless, the non-radiative energy transfer via Förster or Dexter mechanism has been 
observed in such hybrids as well[139-141], revealing even a competing character to the 
charge transfer process.[138] The latter antagonism renders the occurrence and explanation of 
the energy and charge transfer mechanisms even more complex. This complexity is further 
substantiated by a possible simultaneous existence of both energy transfer processes, whereby 
spatial and energetic parameters establish the dominant one. Furthermore, in solid-state 
systems, except from the energy-level alignment, additional phenomena must be taken into 
consideration like aggregation of nanocrystals or stacking of the polymer chains.[138] A 
recent investigation in hybrid organic-inorganic nanocomposites based on a poly(fluorene)-
CdSe/ZnS system shed light on the significance of the temperature on the exciton diffusion 
during the energy transfer process revealing a decrease in the transfer efficiency from 30% at 
room temperature to 5% efficiency at low temperature. The characteristic transfer distances 
found in this system (10-40 Å) were notably smaller compared to the dipole-dipole couplings 
with Förster radii of about 50-70 Å. As a result the exciton has to approach close enough to 
the surface of the quantum dot before it can be transferred non-radiatevely. The expected 
weaker coupling strength implies a coupling between polymer and quantum dot, which is far-
away from the dipole-dipole approach of the Förster theory and closer to a Dexter or 
multipole-multipole interaction.[142] Thus, it is due to the competition not only between 
energy transfer and charge separation but also between the Förster and Dexter mechanisms, a 
long way towards the direction of tailoring and optimizing the opto-electronic properties of 
organic-inorganic nanocomposites as a deep knowledge regarding the underlying electronic 
processes is still required. 
 
1.5 Conjugated Polymer Nano/Micro(particle)s 
 
As particle is designated every entity in the sub-micrometer regime representing a distinct 
discontinuous phase surrounded by a continuous free-flowing medium like for example water 
or positioned at the top of a surface.[143] Due to the progress in polymer chemistry and in 
colloid physico-chemistry, nanoparticles of conjugated polymers dispersed in a continuous 
phase were possible to be prepared and used as protection, binding or polish ingredients in 
industrial products like paper, metal or wood.[144] Polymer particles could further be 
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implemented in important biological, medical or analytical applications including cell 
labeling, drug delivery and materials for chromatography columns.[145-147] Polymer 
nanoparticles can be categorized into the two main classes of nanospheres and nanocapsules 
according to their structural configuration (Figure 1.21).[148]  
 
 
Figure 1.21: Structural configuration of polymer nanoparticles.[148] 
 
Nanospheres have a matrix-type structure whose entire mass is solid. Their size can vary from 
tenths to hundreds of nanometers, fine nanoparticles, however, have sizes between 1 and 100 
nm. Nanospheres are usually shaped spherically, though different forms are found in the 
literature as well.[149] Due to their ability to self-assembly, polymers can build 
polyelectrolyte complexes (nanoplexes) or spherical supramolecular conglomerates 
(nanogels) from their polymer solutions both also considered as spheres (Figure 1.21). 
Nanocapsules, on the other hand, possess a reservoir-like structure, in which a solid shell 
surrounds a solid or semisolid core at room temperature. From the material point of view, the 
core can be composed either of oil supplying the nanoparticle with a high loading capacity of 
liposoluble compounds or water enabling encapsulation of water-soluble compounds. The 
coating shell is achieved by means of precipitation of a predesigned polymer at the surface of 
emulsion droplets[150-152] or by polymerization occurring at the interface of the dispersed 
and continuous phase of the emulsion[153-155] and is made of amphiphilic block copolymers 
of different structures like buckles or brushes.[148] 
The motivation towards the synthesis of conjugated polymer nano- or microspheres was the 
desire to overcome the difficulties arising in terms of insolubility and processability of 
conjugated polymers, when not equipped with appropriate functionalized side-chains. The 
first reports regarding this endeavor came up in the 1980s by the works of Vincent[156], 
oil water 
nanosphere nanoplex nanogel nanocapsules 
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Liedberg[157] and Aldissi[158] who prepared poly(acetylene), poly(pyrole) and poly(aniline) 
microparticles, correspondingly. The efforts to synthesize particles of conjugated polymers 
was further extended to the families of poly(thiophene)s[159,160], poly(phenylene 
ethynylene)s[161], poly(arylenevinylene)s[162,163] and poly(fluorene)s[162,164]. Nano- and 
microparticles of all these classes of macrocompounds are in general achievable either by the 
methodology of post-polymerization dispersion of preformed polymers or by the strategy of 
polymerization in heterophase systems. The post-polymerization dispersion, known also as 
secondary dispersion technique, uses solutions of conjugated polymers in an organic solvent 
and proceeds to the creation of particles either by solvent removal from emulsified droplets 
(emulsion polymerization) or by polymer precipitation, when adding the polymer solution 
into a continuous phase miscible with the initial organic solvent (precipitation 
technique).[143] Emulsion polymerization is a simple and the most common method used for 
the synthesis of conjugated polymer nanoparticles, giving particles of high molecular weight 
and monodispersity. The method is based on the dissolution of polymer into a water 
immiscible organic solvent, whereby the resulting solution is mixed with an aqueous 
surfactant solution. The heterophase system is subjected to high shear by means for example 
of a sonotrode in order to create stable sub-micrometer droplets of a precursor material. The 
size of the droplets can vary from 30-500 nm and can be adjusted by the surfactant and the 
polymer concentration. In a subsequent step, the organic solution was removed affording a 
dispersion of polymer particles in water. Destabilization of the particles caused by Ostwald 
ripening[165] or coalescence is prevented through appropriate surfactants and hydrophobic 
agents, respectively.  
The precipitation technique, known also as reprecipitation or nanoprecipitation, proceeds by 
dissolving a polymer in a good solvent and, subsequently, injecting its dilute solution to an 
excess of a non-solvent (e.g. water), which is miscible with the good solvent 
(Figure 1.22).[166-168] Particle formation is assisted by sonication and the main driving 
force being responsible for their formation is the hydrophobic effect. Mixing of the solvent 
with the non-solvent affects the solvent quality negatively and the hydrophobic polymer 
chains try to minimize their contact points to water as far as possible. This environmental 
circumstance induces the polymer precipitation and its folding to spheres as the spherical 
shape exhibits the minimum exposure to the aqueous medium, representing the 
thermodynamically favorable lowest surface per volume conformation.[145,166] The 
precipitation technique does not require the utilization of surfactants and hydrophobic agents 
as emulsion polymerization does and the nanoparticle size can be tuned via the concentration 
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of the polymer solution. Furthermore, the acquirement of nanoparticle dispersions is not only 
limited to aqueous systems but can be extended to a purely organic system by mixing for 
example a tetrahydrofuran solution of a fluorene-based copolymer with cyclohexane.[169] 
 
 
 
Figure 1.22: The principle of the preparation of nano/microparticles by means of the 
precipitation technique. A: Polymer solution in a good solvent; B: Injection of the polymer 
solution in a non-solvent, while sonicating and subsequent removal of the good solvent; C: 
Dispersion of the formed polymer nano/microparticles in the non-solvent.[145] 
 
The polymerization in heterophase systems, the second of the two main particle synthetic 
approaches, involves the generation of polymer particles during the polymerization of 
appropriate monomers in a dispersing medium, which is a non-solvent for the resulting 
polymer. Preparatively, this methodology includes aqueous oxidative polymerizations or 
transition-metal-catalyzed coupling reactions. Different types of heterophase polymerization 
exist, which can be divided into the dispersion and emulsion polymerization.[143] The 
dispersion polymerization is based on a reaction medium, where the monomer is soluble but 
the formed polymer not, while the nano/microparticles are retained as colloidal dispersions 
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preventing deposition by use of steric stabilizers linked on the particle surface. The emulsion 
polymerization uses monomers with a low solubility in the dispersing medium, which build a 
separate phase of droplets. Reaction starts in the dispersing medium by means of catalysts and 
the subsequent chain growth has as a result the nucleation of particles, which are stabilized by 
surfactants or lyophilic molecules covalently incorporated in the polymers. Two variations of 
the emulsion polymerization are available, the so-called miniemulsion and microemulsion 
polymerizations. In the miniemulsion, monomer droplets are resistant enough to shear forces 
and build, after polymerization in the droplet, stable emulsions of polymer nanoparticles with 
sizes varying from 30 to 500 nm. In the microemulsion, a microemulsion of the monomer is 
the initiation step of the polymerization and is indicated by the formation of a single 
transparent phase without application of shear.[170] Microemulsion is, in particular, suitable 
for the preparation of extremely small particles with sizes below 20 nm. 
Nano- or microparticles of conjugated polymers obtained by one of the afore-described 
procedures possess a high degree of dispersion retaining simultaneously a low viscosity even 
at high polymer loads. They become thus highly attractive materials, easy to be synthesized, 
handled and processed, offering the feasibility to prepare organic-inorganic composites as 
well.[171,172] Hybrid systems containing donor polymers and acceptor dye molecules 
captivated the attention of scientists since several years and the investigation of their energy 
transfer mechanisms was pursued.[173-175] The combination, however, of donor and 
acceptor nanoparticles in form of physical mixtures towards the acquirement of hybridic 
materials is a rather recently developed approach. Nanocomposites obtained by precipitation 
or miniemulsion techniques involved different conjugated polymers playing the roles of the 
donor-acceptor pair[176], different CdTe nanocrystals as donor-acceptor pair[177] or 
nanometal particles in conjunction to other nanometal particles or a fluorescent dye in the 
roles of donor and acceptor, correspondingly.[178] These densely packed dyadic systems 
were checked in terms of their energy transfer abilities allowing a fine-tuning of the 
chromaticity coordinates and the achievement of higher fluorescence brightness. Nonetheless, 
the exploitation of the advantages arising from the confined nano-environment of the 
nanoparticle, which allows the inorganic part to grow inside the particle or on the outside 
particle surface, has not reached its zenith yet and remains thus an enticing and promising 
challenge for the scientific community. 
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2 Aim and Scope 
2.1 Motivation and Objective 
 
Organic-inorganic composite materials on the basis of conjugated polymers as hosts and 
colloidal quantum dots in the guest-role combine the inherent advantages of both counterparts 
and can find implementation in, for instance, light-emitting, photovoltaic or sensing 
technologies.[1-3] Poly(fluorene)s, one of the most widely-studied classes of conjugated 
polymers, have due to their high stability, high purity, efficient photoluminescence and 
feasibility to span the color emission in the entire visible spectrum, raised as promising 
materials for modern and high-tech applications.[4-6] Poly(fluorene)s have already been used 
as hosts for semiconductor quantum dots[7-11], the acquirement of profound knowledge in 
terms of the electronic energy transfer processes occurring at the interface of the organic-
inorganic components within the composite systems is, however, still an up-to-date affair. The 
understanding of these underlying transfer processes is substantial in order to optimize such 
composite systems with regard to their opto-electronic properties. Recently acquired data 
brought the complexity of the occurring mechanisms into light, demonstrating the treatment 
of an energy transfer anticipated as a Förster one beyond the Förster theory but by means of 
the electron exchange Dexter mechanism.[12] The concurrent operation of both mechanisms 
and their competition to the charge transfer process in organic-inorganic composites, revealed 
the necessity for detailed microscopic understanding of the energy transfer processes. 
Towards the strategy of synthesizing organic-inorganic nanocomposites, the aim of this 
doctoral thesis was the development of poly(fluorene)-nanocrystal composite systems and the 
subsequent performance of energy transfer investigations in order to gain insight in a 
phenomenon, which still remains a subject of extensive research. For this purpose, in addition 
to fabricating composites by simply mixing the synthesized fluorene-based or fluorene-and 
carbazole-based copolymers with inorganic quantum dots, two more sophisticated 
approaches, namely, the ‘grafting-from’ and the ‘microparticle’ methodology were applied as 
well. The blending strategy was performed with copolymers possessing amino-functionalized 
side-chains, which render an interconnection with nanocrystals like CdTe feasible.[13,14] On 
the other side, the ‘grafting-from’ approach represents an innovative but simple way in order 
to grow oligo(fluorene) or poly(fluorene) moieties from the surface of nanocrystals via a 
facile polymerization protocol.[15] In this case, the goal is to create a direct linkage between 
the two counterparts and investigate the consequence of this environmental circumstance on 
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the energy transfer process. Last but not least, side-chains functionalized with amphiphilic 
end-groups were targeted for the backbone of fluorene-based copolymers following a random 
or an alternating pattern. The bringing-together of the copolymers with water-stable 
nanocrystals forming microparticulate composites in an aqueous medium via a precipitation 
methodology would be to the best of our knowledge the first time that such systems would be 
reported.[16] 
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3 Results and Discussion 
3.1 Poly(fluorene)s Containing Amino-Side-Chains 
 
3.1.1 Poly(fluorene)s Containing Aliphatic Amino-Functionalized Side-Chains 
 
One strategy in order to design polymers with amino-functionalized side-chains is the 
application of different C-C coupling reactions[1,2] utilizing side-chain functionalized 
comonomers in order to firstly build up the polymers’ backbones. Subsequently, the 
performance of a post-treatment on their side-chains enables the introduction of the desired 
functional groups.[3-5] In this work, a Yamamoto methodology[6-8] allows the incorporation 
of a monomer with bromo-functionalized side-chains as building block in the backbone, 
giving the opportunity for the further transformation of the bromo-atoms to an amino-based 
group. In particular, the attachment of two 6-bromohexyl chains at the carbon-9 position of 
the fluorene-ring is the first step towards the synthesis of the 2,7-dibromo-9,9'-bis(6-
bromohexyl)-9H-fluorene (2) building block and the polymer design is completed by 
combination of the latter with 2,7-dibromo-9,9'-dioctyl-9H-fluorene (3) and (E)-1,2-bis(4-
bromophenyl)ethene (4). 2,7-Dibromo-9,9'-bis(6-bromohexyl)-9H-fluorene (2)[9] and 2,7-
dibromo-9,9'-dioctyl-9H-fluorene (3)[10] were synthesized according to a base-mediated 
alkylation facilitated by means of a phase-transfer catalyst (PCT) using an excess of the 
corresponding alkyl-chain (Scheme 3.1). (E)-1,2-Bis(4-bromophenyl)ethene (4)[11] was 
achieved by applying a McMurry reaction using 4-bromobenzaldehyde as starting material in 
the presence of TiCl4 and zinc as reducing agent. The E-isomer was isolated after 
recrystallization from ethyl acetate (Scheme 3.1).  
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Scheme 3.1: Synthesis of 2,7-dibromo-9,9'-bis(6-bromohexyl)-9H-fluorene (2), 2,7-dibromo-
9,9'-dioctyl-9H-fluorene (3) and (E)-1,2-bis(4-bromophenyl)ethene (4). 
 
The monomers were fully characterized by means of NMR-, IR-, UV-, fluorescence-
spectroscopy and mass spectrometry. The successful alkylation of comonomer 2 is confirmed 
by the pattern of the six methylene (-CH2-) signals appearing at the 
1
H-NMR spectrum 
(Figure 3.1a). The 3.29 ppm signal can be clearly assigned to the protons attached on the 
carbon connected to the bromo-atom. The five high-field shifted peaks observed at 0.56-1.95 
ppm represent the five methylene-groups of the hexyl side-chains and as expected exhibit 
perfect integrations of two protons each. Detailed analytics of compounds 2-4 are available in 
the experimental part. As the scope of this work was the post-treatment of precursor polymers 
with bromo-functionalized side-chains, it was plausible to firstly try the success of such a 
reaction on monomer 2,7-dibromo-9,9'-bis(6-bromohexyl)-9H-fluorene (2), which when 
incorporated in the polymer backbone should be subjected to the same transformation 
reaction, as well. Thus, 2,7-dibromo-9,9'-bis(6-bromohexyl)-9H-fluorene (2) participated in a 
substitution reaction using di-n-propylamine as the nucleophile, whereby 6,6'-(2,7-dibromo-
9H-fluorene-9,9'-diyl)bis(N,Nʹ-dipropylhexan-1-amine) (5) was obtained in a 91% yield[12] 
(Scheme 3.2). 
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Scheme 3.2: Synthesis of 6,6'-(2,7-dibromo-9H-fluorene-9,9'-diyl)bis(N,Nʹ-dipropylhexan-1-
amine) (5). 
 
1
H-NMR spectroscopy (Figure 3.1b) reveals a high-field shift (from 3.29 ppm to 2.91 ppm) 
of the protons, which now belong to a carbon with a nitrogen-atom attached on it. The 
resonances of these protons were found to overlap with the protons of two methylene-groups 
of the di-n-propylamine moiety (CH3CH2CH2NHCH2CH2CH3) directly linked to the 
nitrogen-atom. Moreover, the remaining methylene- and methyl-groups of di-n-propylamine 
(CH3CH2CH2NHCH2CH2CH3) provide an abundance of peaks in the aliphatic region 
compared to the forerunner compound 2. 
8 7 6 5 4 3 2 1 0
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Figure 3.1: 
1
H-NMR spectra of (a) bromo-functionalized compound 2 and (b) amino-
functionalized derivative 5. All spectra were recorded in CDCl3. 
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Based on compounds 2, 3 and 4 as building blocks and by applying a nickel(0)-catalyzed 
polycondensation, fluorene-based copolymers P1a and P1b with bromo-functional end-
groups on their side-chains were synthesized, using different monomer feed ratios. 
Polymerizations were conducted in THF by means of Ni(COD)2 as catalyst and 2,2΄-
bipyridine as the organometallic counterpart (Scheme 3.3). Building blocks 2, 3 and 4 were 
used in proportions of 40:10:50% for polymer P1a and 35:15:50% in the case of polymer 
P1b. A reference polymer Pref comprising a 50:50% ratio of comonomers 2 and 4 was 
synthesized, as well. All polymers were extracted in ethanol by means of Soxhlet extractor in 
order to gain unimodal molecular weight distributions. The polymers’ purification led to 
yields of 30% for the yellow solids, which were well-soluble in solvents of medium polarity 
like toluene, chloroform or dichloromethane. The moderate yields are a consequence of the 
complexity of the polymer backbone and the solubility provided through the side-chain 
functionalities, not disregarding the exhaustive purification steps of the polymers via several 
precipitations and/or extraction.[13,14] The post-functionalization was conducted in a 1:1 
THF/DMF mixture at 85 °C reaction temperature by addition of di-n-propylamine at 0 °C and 
precipitation of the polymers from acetone. All polymers were fully characterized (see 
Experimental Section) and the successful incorporation of the bromo-ended side-chains could 
be monitored by means of 
1
H-NMR spectroscopy, while the success of the post-
functionalization was verified by elemental analysis. The 
1
H-NMR spectra of the precursor 
polymers P1a-b showed a broadened peak pattern typical for polymers and the resonance at 
3.31 ppm was indicative for the integration of 2,7-dibromo-9,9'-bis(6-bromohexyl)-9H-
fluorene 2 in both polymer backbones. The substitution reaction of the bromo-atoms resulted 
in an effective post-functionalization of the 6-bromohexyl-chains with the di-n-propylamine 
group. For the obtained polymers P2a and P2b a signal assigned to the protons of the carbons 
linked to the nitrogen is not as pronounced as in the case of their forerunners and thus success 
of the post-functionalization was confirmed utilizing elemental analysis in order to detect the 
existence of nitrogen in the backbone. A nitrogen content of 8.3% and 9% was determined for 
polymers P2a-b, respectively and the successful post-functionalization was once more 
supported by the vibrational bands detected at 2050 cm
-1
 and 2348 cm
-1
 in the infrared 
spectra, assigned to the stretching vibration of positively charged quaternary ammonium ions. 
The aforementioned cations are probably accessible through the quaternization process of the 
tertiary amine di-n-propylamine, when combined with the long 6-bromohexyl-chains of the 
precursor polymers during the performance of the substitution reaction. 
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Scheme 3.3: Synthetic route of the bromo side-chain functionalized precursor polymers P1a-
b and their amino side-chain post-functionalized successors P2a-b. 
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Determination of the molecular weights of all achieved compounds certified their polymeric 
nature and their homogeneity through the unimodal molecular weight distributions. Gel 
permeation chromatography analysis (GPC) detected weight average molecular weights (Mw) 
of the magnitude of 18000 g/mol for the precursors with polydisperities (PDI) of 2.49 for P1a 
and 2.75 for P1b. For the amino-functional polymers, molecular weights of 9000 g/mol were 
determined, while the PDI values were 2.28 and 1.90 for polymers P2a and P2b, 
correspondingly. The by-half reduced Mw values could most probably be assigned to the 
differentiation of the solubility behavior between precursor and final polymers assigned to the 
di-n-propylamine group, which through its increased polarity allows the dissolution of the 
higher molecular weight fractions upon precipitation from polar acetone.[5] Nevertheless, 
acetone seems to be the optimal work-up medium for the amine-functionalized copolymers as 
change to a more polar medium like methanol led to extremely reduced yields (10%). The 
optical properties of all polymers were investigated in solution and solid-state revealing blue-
light emission and are detailed illustrated in Table 3.1. 
 
Table 3.1: Optical properties of the copolymers P1a-b, P2a-b and Pref in CHCl3 solutions 
and in thin films. 
 
Polymers 
Abssol
a)
 
(log ε)  
 
[nm] 
([L  mol-1  cm-1]) 
Absfilm 
 
[nm] 
Emsol
a);b)
 
 
[nm] 
Emfilm
b)
 
 
[nm] 
Egsol
a);c)
 
 
[eV] 
Egfilm
c)
 
 
[eV] 
sol
a);d)
 
 
 
P1a 382 (5.86) 400 432/455 451/477 2.88 2.42 0.60 
P1b 388 (5.80) 397 435/458 451/480 2.85 2.41 0.55 
P2a 388 (5.39) 397 434/456 451/479 2.84 2.70 0.77 
P2b 388 (5.37) 398 434/458 449/478 2.84 2.69 0.78 
Pref 391 (6.06) 401 434/461 451/477 2.89 2.71 0.59 
 
a)
in chloroform solution (10
-7
 mol/L); 
b)exc. 390 nm; 
c)
calculated from the absorption band-
edge; 
d)
determined according to Demas and Crosby[15] using PF8 (sol 0.45)[16] as a 
reference. Note in literature, the  values for PF8 vary over a wide range[17,18] also 
depending on the structural features of the investigated copolymer.[4,16] 
 
As can be seen in Figure 3.2a, a red shift of 6 nm differentiates copolymer P1a from P1b 
regarding their absorption, while 3 nm is their discrepancy in terms of emission maxima. 
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Figure 3.2: (a) Normalized absorption and emission spectra of copolymers P1a (black lines) 
and P2b (blue lines) in solution (chloroform, 10
-7
 mol/L). (b) Normalized absorption and 
emission spectra of copolymers P2a (black lines) and P2b (blue lines) in solution 
(chloroform, 10
-7
 mol/L). 
 
The plots of the absorption and emission spectra of the post-functionalized polymers P2a-b 
exhibit an extreme coincidence (Figure 3.2b). The amino-functional polymers P2a-b possess 
quantum yield efficiencies of 0.77 and 0.78, correspondingly. These values increased 
compared to their forerunners. Their optical band-gaps (2.70 & 2.69) calculated from the 
absorption band-edge in films are enhanced compared to the precursors (2.42 & 2.41) but 
have similar values to the precursors in chloroform solutions (2.84). The wide band-gap 
polymers P2a-b can become host candidates of low band-gap compounds such as 
semiconductor nanocrystals (NCs), while their amino-functionalities can create links on the 
surface of the NCs. The polymer-nanocrystal systems include except of P2a-b as the 
polymers, CdTe nanocrystals as the low band-gap compounds and the potential energy 
transfer behaviour of the systems was investigated and detailed reported in section 4.2.1. 
 
3.1.2 Poly(fluorene)s and Poly(carbazole)s Containing Arylamino-
Functionalized Side-Chains  
 
The 9-position in the fluorene and carbazole fused aromatic rings offers the opportunity to 
prepare monomers with bulky aryl-substituents. Incorporation of such monomers in the 
polymer backbone can help to overcome structural decomposition due to oxidation when 
heating is applied in the solid-state[19] and circumvent interchain interactions thereby 
improving the polymer opto-electronic properties.[20-22] Triarylamine, a hole transporting 
chromophore, and aniline, which is a primary amine, are the two bulky substituents applied in 
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the here described poly(fluorene)s and poly(carbazole)s, synthesized by means of the 
palladium-mediated Suzuki cross-coupling reaction.[23] Four alternating copolymers were the 
result of the close collaboration with student Yi Ren. For the design of the fluorene-based 
copolymers, 4,4'-(2,7-dibromo-9H-fluorene-9,9'-diyl)dianiline 7 and 4,4'-(2,7-dibromo-9H-
fluorene-9,9'-diyl)bis(N,Nʹ-diphenylaniline) 8 were used as the monomers, while the 
poly(carbazole)s were based on 4-(3,6-dibromo-9H-carbazol-9-yl)aniline 10 and 4-(3,6-
dibromo-9H-carbazol-9-yl)-N,Nʹ-diphenylaniline 12 as monomers. The synthetic approaches 
of the aforementioned monomers, which in all four polymerizations were combined with 
comonomer 2,2'-(9,9'-dioctyl-9H-fluorene-2,7-diyl)bis(1,3,2-dioxaborinane) DFB are 
illustrated in Scheme 3.4. 
O
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Scheme 3.4: The synthetic routes of (a) the fluorene-based monomers 7 and 8 and (b) the 
respective carbazole-based compounds 10 and 12. 
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4,4'-(2,7-Dibromo-9H-fluorene-9,9'-diyl)bis(N,Nʹ-diphenylaniline) 7 was synthesized by 
introducing two aniline-groups in the 9-position of 2,7-dibromo-9H-fluoren-9-one 6 through a 
condensation reaction using excess of the phenylamine.[24] A similar procedure facilitated by 
means of the methane sulfonic acid was utilized in case of the second fluorene-based 
arylamine namely 4-(2,7-dibromo-9H-fluorene-9,9'-diyl)bis(N,Nʹ-diphenylaniline) 8.[25] The 
basis for the fabrication of the corresponding carbazole monomers was 3,6-dibromo-9H-
carbazole. The educt was subjected to a nucleophilic substitution upon addition of 1-fluoro-4-
nitrobenzene in the presence of potassium carbonate giving compound 9, which reduction by 
means of tin(II) chloride allowed the acquirement of 4-(3,6-dibromo-9H-carbazol-9-yl)aniline 
10 as yellow crystalline solid.[26,27] An Ullman coupling reaction of educt 3,6-dibromo-9H-
carbazole with 4-iodo-N,Nʹ-diphenylaniline 11 in the presence of copper(I) iodide and [18]-
crown-6 led to the desired 4-(3,6-dibromo-9H-carbazol-9-yl)-N,Nʹ-diphenylaniline 12.[28] 
Precursor 4-iodo-N,Nʹ-diphenylaniline 11 was synthesized by means of an Ullmann reaction 
as well, coupling diphenylamine and 1,4-diiodobenzene under the presence of copper(II) 
sulfate and potassium carbonate at a reaction temperature of 220 °C.[29] The monomers were 
fully characterized by means of 
1
H-, 
13
C-, IR-, mass-, UV-, fluorescence-spectroscopy and 
elemental analysis. All analytical data and yields are listed in the Experimental Section. Using 
the above-mentioned compounds as building blocks and combining them with comonomer 
2,2'-(9,9'-dioctyl-9H-fluorene-2,7-diyl)bis(1,3,2-dioxaborinane) DFB, four alternating 
copolymers were synthesized applying a Suzuki polymerization protocol.[30] Scheme 3.5 
shows illustratively the achieved polymers under the palladium(0)-catalyzed reaction 
conditions using tetrakis(triphenylphosphine)palladium(0) as catalyst, a water solution of 
K2CO3 of 2M concentration as base and refluxing toluene as the reaction medium. 
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Scheme 3.5: Synthesis of the alternating arylamino-functionalized poly(fluorene)s P3, P4 
(upper) and their poly(carbazole) analogues P5, P6 (below) prepared under Suzuki step-
growth reaction conditions. 
 
After firstly precipitating the polymers from methanol, the solids were further purified by 
extracting them with isopropanol and chloroform over a period of 3 days by means of a 
Soxhlet-apparatus. The chloroform fraction was once more precipitated from mixtures of 
methanol/ethyl acetate, methanol/tetrahydrofuran or acetone and these laborious purification 
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procedures resulted in yields of 30-36% for the yellowish solids with unimodal molecular 
weight distributions and solubility in solvents of medium polarity like toluene, chloroform or 
dichloromethane. Moderate yields are not an uncommon occasion in fluorene-based 
backbones and fluorene-carbazole systems furnished with bulky side-chains.[31-33] 
Characterization of the copolymers by 
1
H-NMR spectroscopy revealed the incorporation of 
comonomers 7 and 10 in the polymer structures as the resonance of the protons attached to 
their nitrogen-atoms appeared at 3.62 ppm for polymer P3 and 3.94 ppm for polymer P5. As 
polymers P4 and P6 embrace building blocks with tertiary amines such a proton alignment is 
excluded and elemental analysis is now evidencing the successful coupling. For copolymer P4 
the nitrogen content amounts to 2.55%, while for copolymer P6 elemental analysis showed an 
N-content of 3.09% elucidating once more the successful copolymerization. In order to prove 
the coincidence of the 1:1 comonomer feed ratio to the experimentally-incorporated one, 
NMR spectroscopy and elemental analysis were applied and compared to each other. The 
calculations performed by means of these two methodologies showed a preference for one 
repeating unit more regarding the DFB building block. Thus, the experimentally incorporated 
monomer ratio deviates from the exact 1:1 theoretical stoichiometry, with an excess of 
comonomer DFB compared to the values obtained for monomers 7, 8, 10 and 12 being in all 
cases available in the respective copolymers backbone P3-P6. The comparison between the 
two methodologies is listed in Table 3.2.  
 
Table 3.2: Ratio of the monomers 7,8,10,12 to DFB in the polymer backbones according to 
NMR- and elemental analysis-based calculations, GPC characterization of P3-P6 and their 
thermal properties. 
 
Polymer 
 
Monomer ratio 
 
(7,8,10,12/DFB) 
(molar %) 
Mn 
 
(g  mol-1) 
Mw 
 
(g  mol-1) 
PDI 
 
Units 
Td5%
c) 
 
(°C) 
Tg 
 
(°C) 
P3 46/54
a)
 46/54
b)
 5700 17300 3.0 420 - 
P4 48/52
a)
 47/53
b)
 5500 12900 2.4 440 150 
P5 46/54
a)
 45/55
b)
 2900 5300 1.8 420 - 
P6 46/54
a)
 46/54
b)
 2900 5300 1.8 420 128 
 
a)
calculated from 
1
H-NMR; 
b)
calculated from elemental analysis; 
c)
@ 5% weight loss. 
 
Moreover, polymers were investigated by means of gel permeation chromatography 
(Table 3.2), whereby their molecular weight distributions can be seen in Figure 3.3. 
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Figure 3.3: Molecular weight distributions of polymers P3-P6 determined by gel permeation 
chromatography. 
 
Carbazole monomers, when used as building blocks for polymer backbones, exhibit the 
tendency to impair the solubility of the coming-out polymers depending on the nature of the 
substituent attached on the carbazolic nitrogen.[34] Thus, the by-half reduced molecular 
weights of carbazole-based polymers P5, P6 are not unusual, as literature research 
proves[32,35] and are influenced by the Suzuki-mediated reaction conditions as well.[8,32] 
Even preparation of homo-poly(carbazole)s is not excluded from this tendency.[36] A further 
aspect, which must be considered is that the precipitation of the polymers from acetone can 
induce a loss of high molecular weight fraction due to solubility matters.[5] Nevertheless, 
acetone seems to be the appropriate precipitation medium for amine-functionalized polymers 
as alcohol-based media like methanol reduce the acquired yields drastically even below 10%, 
due to the alcohol-solubility of the amino-functional side-chains.[37] Despite the moderate 
molecular weights, the polydispersities (PDI) of the polymers (Table 3.2) and their molecular 
weight distributions (Figure 3.3) argue for the homogeneity of the final macrocompounds. 
The thermal behaviour of the polymers is given in terms of 5% weight loss temperature (Td) 
and glass temperature (Tg). As can be seen in Table 3.2, all four polymers exhibited 
propitious thermal stabilities indicated by Td values @ 5% weight-loss of 420 °C or even 
higher, enabling their thin film processing from high boiling-point solvents. However, only 
for polymers P4 and P6 a glass transition temperature could be detected. In particular, 
polymer P4 with the highest Td (440 °C) and Tg (150 °C) values should be classified as the 
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material with the better long-term thermal stability. The characterization of the polymers was 
complemented by investigating their optical properties in solution and films. Figure 3.4 
illustrates the normalized absorption and emission spectra of the polymers, while Table 3.3 
gives an all-round overview of their absorption and emission maxima, their band-gap values 
and quantum efficiency yields. All of them exhibit blue-light emission with a red shift of 
about 5-12 nm for the solid-state experiments. 
 
Table 3.3: Optical properties of copolymers P3-P6. 
 
Polymer 
Abssol
a)
 (nm) 
log ε ([L  mol-1 
 cm-1]) 
Absfilm 
(nm) 
Emsol
a);b)
 
(nm)
 
Emfilm
b)
 
(nm)
 
Egsol
a);c)
 
(eV) 
Egfilm
c)
 
(eV) 
sol
a);d)
 
 
P3 385 (6.28) 387 418/442 424/448 2.93 2.84 0.32 
P4 381 (6.34) 395 416/441 428/447 2.94 2.71 0.66 
P5 343 (6.68) 350 401/420 411/425 3.10 2.76 0.84 
P6 341 (6.10) 358 404/420 409/426 3.07 2.72 0.51 
 
a)
in chloroform solution (10
-6
 mol/L); 
b)exc. 380 nm for P3/P4, 360 nm for P5/P6; 
c)
calculated 
from the absorption band-edge; 
d)
determined according to Demas and Crosby by using PF8 
(sol 0.71) as a reference.[15,18] 
 
 
The carbazole-based polymers P5 and P6 exhibited, as expected, wider band-gaps in solution 
(3.07 and 3.10 eV) compared to their fluorene analogues (2.93 and 2.94 eV) as the carbazole 
unit can raise the highest occupied molecular orbital (HOMO) energy level of the 
polymers.[38] In thin films, a slight reduction of the band-gaps was observed (2.71 to 2.84 
eV). The wide band-gaps of the polymers can make them useful as hosts for low band-gap 
compounds like nanocrystals.[39] A further prerequisite, when quantum dots come into play 
is their spectral overlap with the corresponding polymers. CdTe nanocrystals having different 
emission maxima (see section 4.2.2) possessing, however, absorption maxima, which overlap 
with the emission patterns of the polymers can be deployed for this purpose. Fulfilling the 
basic preconditions for energy transfer from the polymer backbones to the NC, solid-state 
measurements of the optical properties of bare NCs, polymers and NC-polymer systems were 
conducted and the results are detailed explained in the ‘Energy and Electron Transfer 
Studies’ Section. 
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Figure 3.4: Normalized absorption (a) and emission (b) spectra of copolymers P3-P6 in 
solution (chloroform, 10
-6
 mol/L). 
 
In a final characterization step, the polymers’ morphology was investigated by means of 
atomic force microscopy in the tapping mode. Figure 3.5 shows the images of the four 
polymers, whereby the big spots of 5-16 μm in size are most probably induced by a dewetting 
process, while the smaller polymer spots are in the scale of 0.8-2 μm. The tailing of the latter 
and their repeating structures is assigned to artifacts arising due to material dragged from the 
cantilever over the scanned surface. 
 
 
 
Figure 3.5: AFM images (tapping mode) of films of polymers P3-P6 (concentrations of 0.5 
mg/mL in THF) prepared on glass substrates by drop-casting. The AFM images have a scale 
of 30  30 μm.  
 
3.2 Poly(fluorene)-CdSe Hybrids 
 
The introduction of organic and inorganic components in hybrid structures is a new trend in 
material’s design. The ‘grafting-on’ and ‘grafting-from’ procedures offer synthetic pathways 
towards this class of compounds. The former methodology renders possible the direct 
interconnection of pre-planned polymers like poly(thiophene)s with quantum dots[40], while 
the ‘grafting-from’ technique allows the growth of individual polymer chains such as 
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poly(para-phenylene vinylene)[41] or P3HT[42] from pre-designed and functionalized 
nanocrystals like CdSe. In this work, poly(fluorene) chains of different length were grafted 
from the surface of luminescent semiconductor CdSe nanocrystals. For this purpose an amino-
functionalized fluorene ligand was synthesized[43,44] in order to be directly utilized at the 
synthesis stage of the CdSe nanocrystals and subsequently used as building block in a facile 
Yamamoto-mediated polymerization protocol obtaining two different kinds of inorganic-
organic nanocomposites with varying fluorene chain-lengths. The desired amino-
functionalized fluorene ligand 14 was synthesized by applying a typical Gabriel reaction[44] 
using 2,7-dibromo-9,9'-bis(6-bromohexyl)-9H-fluorene 2 as starting material (Scheme 3.6). 
Final product 14 and intermediate 2,2'-(6,6'-(2,7-dibromo-9H-fluorene-9,9'-diyl)bis(hexane-
6,1-diyl))diisoindoline-1,3-dione 13 were fully characterized by means of 
1
H-, 
13
C-, IR-, UV-, 
fluorescence-spectroscopy, mass-spectrometry and elemental analysis. 
 
DMF
70 °C, overnight
Br Br
BrBr
N N
BrBr
O
OO
O
NK
O
O
13
NH2-NH2
.H2O
EtOH
reflux overnight
BrBr
H2N NH2
142  
Scheme 3.6: Synthesis of 6,6'-(2,7-dibromo-9H-fluorene-9,9'-diyl)dihexan-1-amine 14 by a 
Gabriel protocol via intermediate 2,2'-(6,6'-(2,7-dibromo-9H-fluorene-9,9'-diyl)bis(hexane-
6,1-diyl))diisoindoline-1,3-dione 13. 
 
The next step was carried out by Alexander Vaneski in the group of Dr. Andrey Rogach in the 
Department for Physics and Center for Nanoscience at the Maximilian University of Munich, 
whereby compound 14 was introduced as co-ligand in order to synthesize CdSe nanocrystals 
allowing thus their surface functionalization and yielding the amino-fluorene modified CdSe 
nanocomposite 1 (NC1). As a reference, CdSe nanocrystals that have been surface endcapped 
with n-hexadecylamine and tetradecylphosphonic acid (CdSeref) were prepared as well, 
following the same synthetic approach.[41] Weakly bound surface ligands have been removed 
by dissolving CdSe NC1s and CdSeref in toluene followed by several precipitations from 
methanol. The two differently functionalized CdSe nanocrystals are depicted in Figure 3.6. 
The size comparison on the basis of the absorption spectra using the sizing curve of reference 
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[45] shows nanocrystals of 3.5 nm for NC1 after heating for 5 min and nanocrystals of 4.8 nm 
for CdSeref after only 3 min reaction-time implying a slow-down of the growth kinetics, when 
the amino-functionalized fluorene ligand 14 is introduced in the synthesis of the CdSe NCs. 
 
Figure 3.6: The reference CdSe NCs endcapped with n-hexadecylamine and tetradecyl-
phosphonic acid (CdSeref) and the amino-fluorene modified CdSe NCs (NC1). NC1 was used 
for the synthesis of CdSe-oligo(fluorene) nanocomposite NC2 and CdSe-poly(fluorene) 
nanocomposite NC3. 
 
The amino-fluorene modified CdSe nanocrystals were applied in a facile nickel(0)-mediated 
Yamamoto protocol[7] as single monomer in order to obtain an oligo(fluorene)-functionalized 
CdSe nanocrystal surface (NC2) or as comonomer together with 2,7-dibromo-9,9'-dioctyl-9H-
fluorene, whereby longer chain-growth at the surface of CdSe NCs is induced (NC3). The 
visualization of the two aforementioned approaches in terms of achieved structures is 
illustrated in Figure 3.6. All nanocomposite materials were firstly investigated by means of 
UV-vis and fluorescence spectroscopy as shown in Figure 3.7. Figure 3.7a reveals the 
pattern of four well-resolved absorption maxima indicating the high purity of NC1 and 
CdSeref further corroborated by the narrow emission bands with maxima at 580 nm and 610 
nm, correspondingly. The monodispersity of NC1 evidencing the high quality of the material 
as well can be pointed out by the high-resolution transmission electron microscopy-image 
(HRTEM), which shows crystallinity and lattice areas, which resemble the hexagonal CdSe 
phase (Figure 3.8a). Figure 3.8b shows once more the formation of the CdSe nanoparticles 
and the side-by-side packing of a monolayer on the TEM grid. TEM pictures were recorded in 
the Faculty of Engineering and Center for Nanointegration at the University of Duisburg-
Essen by Dr. Ralf Theissmann. FT-IR measurements indicated the linkage of compound 14 on 
the surface of the CdSe nanocrystals via the band at 2359 cm
-1
 assigned to the stretching 
vibration of the surface-bound NH2-group (Figure 3.9a). 
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Figure 3.7: (a) Absorption (OD) and photoluminescence PL (exc. 410 nm) spectra of NC1 
compared to the spectra of CdSeref (inset). (b) Absorption and photoluminescence spectra of 
NC2 taken at two different excitation wavelengths (exc. 350 & 470 nm). (c) Absorption and 
PL (exc. 350 nm) spectra of NC3. 
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In the case of CdSeref, the aforementioned band originating now from the surface-bound 
amino-group of the n-hexadecylamine ligand, appears much weaker (Figure 3.9a). Bringing 
this observation into connection with the strongly slowed-down growth kinetics upon 
introduction of 14 into the reaction mixture, a higher affinity of 14 towards the CdSe surface 
compared to n-hexadecylamine can be assumed. NC1s undergo a favourable capping of their 
CdSe surface attributed to the chelating character provided by the amines of ligand 14.[46] In 
case of CdSeref nanocrystals the surface coverage operates only through the intrinsic ability of 
the n-hexadecylamines to coordinate with CdSe[47-49] leading thus to weakly bound amino-
groups on their surface. 
 
 
 
Figure 3.8: High-resolution transmission electron microscopy image of NC1 with an image 
scale of 29  18 nm (a) and transmission electron microscopy images of NC1 (b), NC2 (c) 
NC3 (c). The TEM images b and c have a scale of 190  175 nm, while d has a scale of 140  
130 nm. The scale bar is 20 nm for all frames. 
 
 
The CdSe nanocrystals with the amino-functionalized fluorene as endcapper were firstly 
subjected to a facile Yamamoto protocol[7] using NC1 as the single starting material, 
Ni(COD)2 as C-C coupling mediator and THF/toluene 1/1 (v/v) as the solvent mixture. After 
conventional work-up, purification via preparative size exclusion chromatography (Biobeads) 
gave nanocomposite NC2 in a yield of 71%. The absorption pattern of NC2 is predominated 
by the absorption features of the CdSe nanocrystals, whereas the emission maxima obtained at 
two different excitation wavelengths reveal the contribution of both parts i.e. oligo(fluorene) 
and CdSe part to the optical properties of the composite. The morphology investigated by 
TEM shows the formation of non-agglomerated nanoparticles. This observation excludes the 
possibility of inter-particle polymerisation, suggesting rather an intra-particle mechanism at 
the surface of the CdSe nanocrystals, through which oligomerization occurs. Intra-particle 
oligomerization is further supported by the predomination of the nanocrystals in the 
absorption spectrum of composite NC2, while its FT-IR spectrum (Figure 3.9b) exhibits a 
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pronounced band at 2359 cm
-1
 assigned to surface bound NH2-groups implying the intactness 
of the links between the CdSe nanocrystals and the ligand 14 under the reaction conditions. 
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Figure 3.9: FT-IR spectra of (a) CdSeref and NC1, (b) nanocomposites NC2 and NC3. 
 
Applying the similar polymerization procedure and combining NC1 with comonomer 2,7-
dibromo-9,9'-dioctyl-9H-fluorene, nanocoposite NC3 was prepared inducing a chain-growth 
polymerization at the surface of the CdSe nanocrystals. Purification by precipitation from 
methanol and size exclusion chromatography acquired a polymer-like material in a yield of 
83%. The optical properties of the material are dominated by features typical for 
poly(fluorene)s with the emission of the CdSe nanocrystals being completely quenched 
(Figure 3.7c). The TEM image for nanocomposite NC3 indicates, however, the presence of 
the inorganic part of the composite through the presence of CdSe cores (Figure 3.8d). FT-IR 
spectroscopy as the presence of the band at 2359 cm
-1
 proves (Figure 3.9b), shows once more 
that the NH2-groups of compound 14 remain attached on the surface of the CdSe nanocrystals 
under the Yamamoto polymerization conditions allowing thus the grafting of the second 
comonomer from the amino-functionalized fluorene surface endcapper. In a further step, all 
three nanocomposites were characterized by means of gel permeation chromatography and 
atomic force microscopy. The latter measurements were carried out by Sylwia Adamzcyk 
from the group of Prof. Dr. Ullrich Scherf in the Department of Macromolecular Chemistry at 
the University of Wuppertal. The gel permeation chromatography analysis can be seen in 
Figure 3.10, where elugrams of NC1-3 and the corresponding molecular weight distributions 
are illustrated in comparison to the internal standard butylated hydroxytoluene (BHT). NC1 
does not show any pronounced molecular weight distribution giving a peak at just 736 Da, a 
value much lower compared to the molecular weight of a II-VI nanocrystal estimated from the 
mass of the constituting elements for a given NC size.[50] This NC1-signal has an elution 
volume of 32.2 mL accompanied by a tail, which is most probably related to NCs aggregates 
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(Figure 3.10a). The formation of agglomerates hinders the penetration of the nanocrystals 
through the pores of the column gel. As the separation range of the column bears a limit of 
1000 Da, the exclusion volume of the gel-particles is only available for the nanocrystals, 
which start to exit the column at an earlier elution time (22.74 mL, Figure 3.10a). The tailing 
of the elution ends up with an elution peak (32.2 mL), which is very close to the elution 
volume of the internal standard used for the GPC analysis, namely BHT (34.8 mL). Thus, an 
overlap of NC1 and BHT can not be excluded as Figure 3.10b demonstrates. The afore-
described observation implies that the GPC data, which represent values obtained relative to 
poly(methyl methacrylate) standards, can not be regarded as absolute in case of NCs, whose 
hydrodynamic volumes are much smaller than of the utilized polymer standards. 
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Figure 3.10: (a) Gel permeation chromatography elugrams of nanocomposites NC1, NC2 and 
NC3 compared to the internal standard butylated hydroxytoluene (BHT) and (b) the 
corresponding molecular weight distributions. 
 
The signal of NC2 (Figure 3.10a) shows a coexistence of two species with molecular weights 
in the range of 1700 Da as can be seen in Figure 3.10b. This molecular weight refers to the 
weight of oligomers formed at the NC surface and is evidence that the catalytic 
polymeriazation cycle breaks up after three repeating units of 14 undergo the intra-particle 
oligomerisation. The interruption of the Yamamoto cycle can be assigned to space limitations 
at the surface of the NCs. Furthermore, the molecular weight was investigated by means of 
MALDI-TOFMS and these measurements were carried out in the group of Prof. Dr. Oliver J. 
Schmitz in the Department of Analytical Chemistry at the University of Wuppertal. The 
resulting m/z values could be assigned to a fluorene trimer, a finding, which can be practically 
related to the molecular weight of the organic part of composite NC2. The coincidence of the 
MALDI-TOF measurement with the GPC findings supports the assumption of the catalytic 
termination after the coming-together of three fluorene units. In contrast to NC2, the elugram 
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of NC3 indicates the successful polymerization, whereby a mass average molecular weight of 
4738 g/mol is determined. The unimodality of the elugram on the other side speaks for a 
homogeneous and stable end-product (Figure 3.10a). MALDI-TOFMS analysis resulted this 
time in a vast number of signals, which could be assigned to fractions of the organic 
counterpart ranging from the dodecamer (m/z: 4663.9 g/mol) to the monomer (m/z: 387.4 
g/mol). The MALDI-TOFMS results are consistent to the GPC analysis data and corroborate 
the claim of polymer chain-growth from the nanocrystal surface. As mentioned, the 
morphology of the nanocomposites was also investigated by means of atomic force 
microscopy (Figure 3.11).  
 
 
 
Figure 3.11: AFM images (tapping mode) of thin films of NC1 (a), NC2 (b) and NC3 (c) dip-
coated on glimmer from toluene (NC1) or chloroform (NC2-3) dispersions of 10 mg/mL 
concentration, after annealing at 180 °C for 4 hours. 
 
The films for the AFM measurements were prepared by dip-coating nanocomposite NC1 in 
toluene and nanocomposites NC2 and NC3 in chloroform on glimmer. The average surface 
roughness revealed by these measurements, represent values of only 0.7 nm for NC1 and 
increased roughness of 25.5 and 70.0 nm for NC2 and NC3, respectively. NC1 seems to build 
equal-large spots, larger spots come up in the image of NC2, while nanocomposite NC3 with 
the grafted poly(fluorene) chains consisting the major part of the composite, reveal clustered 
agglomerates of 200 nm in size, which formation is mediated via the tendency of the 
polymers to fold/aggregate.[51] A final discussion field is the possibility of energy or electron 
transfer in the described nanocomposite systems. Detailed investigations on this topic can be 
found in section 4.1. 
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3.3 Poly(fluorene) Microparticles 
 
The synthesis of water-soluble nano/micro-particles containing fluorescent polymers with 
molecules possessing both hydrophilic and hydrophobic properties (amphiphile) displays a 
new emerging trend for the polymer scientists.[52] Nanoprecipitation, one of the 
nanoparticles’ preparation method, provides particles with sizes up to 50 nm, exhibiting high 
fluorescence brightness.[53,54] Poly(fluorene)s with phosphonate-groups can fulfill the 
criterion of amphiphilic character and are of particular interest due to their solubility in polar 
solvents[55] and their strong chemical affinity to semiconductor quantum dots.[56] In this 
chapter, the synthesis of two phosphonate-functionalized poly(fluorene)s is described based 
on a random and alternating backbone configuration and subsequent operative processing via 
a precipitation-sonication method that led to particles of micrometer-size. In a first step, the 
literature known monomers 2,7-dibromo-9,9'-bis(6-bromohexyl)-9H-fluorene (2)[10] and 2,7-
dibromo-9,9'-dioctyl-9H-fluorene (3)[9] were combined using Yamamoto conditions[7], 
while the purchased 2,2'-(9,9'-dioctyl-9H-fluorene-2,7-diyl)bis(1,3,2-dioxaborinane) (DFB) 
was copolymerized with comomomer 2 following a Suzuki-mediated protocol.[8] 2,7-
Dibromo-9,9'-bis(6-bromohexyl)-9H-fluorene (2) utilized in both synthetic approaches, was 
synthesized by a NaOH-mediated alkylation reaction in the presence of the phase-transfer 
catalyst tetra-butylammonium bromide yielding 69% of 2 as a white solid. The bromo side-
chain-functionalized precursor copolymer, obtained according to the Ni(0)-mediated 
Yamamoto C-C coupling protocol[6], was prepared in THF as solvent by means of Ni(COD)2 
and 2,2΄-bipyridine as the organometallic counterpart (Scheme 3.7a). For the Suzuki step-
growth polymerization[30], the building blocks were allowed to react in toluene using 
equivalent volume of 2M Na2CO3 water-solution by means of tetrakis(triphenyl)phosphine 
palladium(0) as catalyst and aliquat 336 as phase-transfer mediator (Scheme 3.7b). The 
Yamomoto-synthesized copolymer P7a was obtained by using an equal molar feed-ratio of 
monomers 2 and 3 and a typical 1:1 stoichiometry between the monomer with the dibromo- 
and diboronic acid ester-functionalities was the case in the synthesis of the alternating Suzuki 
copolymer P8a. The polymers were purified by extracting them with ethanol, isopropanol and 
chloroform over intervals of 1 to 3 days with the aid of a Soxhlet apparatus. This can ensure 
the acquirement of homogeneous final products, later evidenced by the unimodality of their 
molecular-weight distributions (Figure 3.12). The precursor copolymers were well-soluble in 
solvents of medium to high polarity like chloroform, dichloromethane, or tetrahydrofuran. 
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Scheme 3.7: Synthesis of copolymers P7a-b (a) and P8a-b (b) and of the phosphonate-
functionalized fluorene 15 (c). 
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The post-fuctionalization proceeded by following an Arbuzov protocol, which was initially 
applied on compound 2,7-dibromo-9,9'-bis(6-bromohexyl)-9H-fluorene (2) by refluxing it in 
triethyl phosphite for 24 h (Scheme 3.7c).[57] 
 
0 5 10 15 20 25 30 35 40
0,0
0,2
0,4
0,6
0,8
1,0
 P7a
 P8a
 
 
  
  
 N
o
rm
a
li
z
e
d
 
D
e
te
c
to
r 
S
ig
n
a
l 
(V
)
Elution Volume (mL)
 
Figure 3.12: Gel permeation chromatography elugrams of copolymers P7a, P8a. 
 
A colorless liquid was obtained in a yield of 81% and the successful reaction course gave the 
green light for trying the phosphonate modification on the precursor polymers with the 
bromo-functionalized side-chains P7a and P8a. The post-functionalization was conducted in 
triethyl phosphite at 165 °C reaction temperature and the acquisition of the copolymers by 
precipitation from n-hexane (Schemes 3.7a-b). The obtained copolymers P7b, P8b exhibited 
exceptional solubility in even more polar solvents like dimethylformamide, when compared to 
their forerunners. All copolymers were fully characterized by NMR-, IR-, UV-vis- and 
fluorescence spectroscopy, elemental analysis and as already mentioned gel permeation 
chromatography. The 
1
H-NMR spectra in Figure 3.13 recorded in deuterated chloroform 
(CDCl3), illustrate an exemplarily comparison between precursor copolymer P7a and final 
end-product P7b. The resonance at 3.32 ppm (copolymers P7a, P8a) in Figure 3.13a is 
assigned to the protons of the carbon-atom with the attached bromo-function (C5H10CH2-Br) 
and is evidence for the success of the applied protocols.  
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Figure 3.13: 
1
H-NMR spectra of precursor copolymer P7a (a), post-functionalized target 
copolymer P7b (b) and 6-(2,7-dibromo-9H-fluoren-9-yl)hexyl phosphonate (15) (c). 
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The spectrum of the post-functionalized copolymer P7b brings into sight new signals, 
monitored at 1.64 ppm and 4.04 ppm. The 1.64 ppm signal is the high-field shifted signal of 
the protons attached on the carbon next to the phosphor-atom (C5H10CH2-P), being previously 
linked to the bromo-functionality. The resonance at 4.04 ppm is the strongest indication for 
the success of the modification of the bromo-atoms to phosphonate-groups as this peak is 
assigned to the protons of the carbon linked directly to the oxygen-atom [(P-(O-CH2)2]. The 
two aforementioned resonances are observed in the spectrum of the analogue phosphonate 
monomer 15 designated with the numbers 1 and 3 in Scheme 3.7c. The peak of the methyl-
group of the phosphonate-moiety is detected as well and labeled with the number 2 appearing 
at 1.20-1.22 ppm. 
31
P-NMR spectroscopy with the peak at 32.48 ppm typical for phosphor 
incorporated in the phosphonate-group is a further proof for the success of the post-
functionalization. Comparing this value to the chemical shift of the corresponding monomer 
15 (32.41 ppm) an excellent coincidence is observed. 
1
H-NMR spectroscopy allowed the 
determination of the percentage of each comonomer incorporated in the copolymer backbone 
and the results are presented in Table 3.4. In Yamamoto-mediated copolymer P7a, a 
predomination of comonomer 3 is recorded with 76% backbone incorporation, while the 
Suzuki-based copolymer P8a revealed an expected alternating backbone constitution of 44% 
of the 9,9'-bis(6-bromohexyl)-9H-fluorene 2 and 56% of the 9,9'-dioctyl-9H-fluorene 
derivative. The predomination of a specific building block in case of random copolymers like 
P7a is not uncommon[37] and can be attributed to the enhanced solubility of the comonomer 
with the octyl side-chains compared to the bromohexyl-chains keeping in mind that the 
fluorene cores with the bromo-atoms at the 2 and 7 positions possess the same inherent 
reactivity. In case of Suzuki-synthesized polymers like P8a, the building block with the 
diboron-ester functionality is favored by one to two repeating units more due to insufficient 
reactivity of the co-reactant with the bromo-functionalities.[58,59] Applying the 
1
H-NMR-
based calculations on the post-functionalized polymers, a 71% content of the dioctyl-fluorene-
building block comes out in case of P7b, while copolymer P8b exhibited an alternating 
backbone pattern similar to the precursor P8a with comonomers DFB and 15 being integrated 
by a 54:46% ratio, correspondingly. Gel permeation chromatography analysis illustrated 
homogenous precursor polymers (Figure 3.12) and detected number average molecular 
weight of 15100 g/mol (PDI: 2.28) for copolymer P7b and 9100 g/mol (PDI: 2.26) for 
copolymer P8b. Deviations of the molecular weights between precursor and final copolymers 
are recorded, a phenomenon attributed to the rather different dissolution behavior of the two 
copolymer classes. The post-functionalized copolymers possessed the ability via their 
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phosphonate-groups attached on their side-chains to dissolve significantly better in 
dimethylformamide, which was the solvent used during the performance of the GPC 
measurements. 
 
Table 3.4: Actual percentages of monomers 2, 3 and 15 in the backbone of the precursor and 
final polymers calculated by means of 
1
H-NMR spectroscopy. 
 
Polymer 
Monomer 2 
 
y(% ) 
Monomer 3 
 
x(%) 
15 
 
y(%)
 
P7a 24 76 - 
P8a 44 56 - 
P7b - 71 29 
P8b - 54 46 
 
The enhanced polarity of these groups induced through the presence of the electronegative 
oxygen atoms, play a crucial role for the increased dissolution efficiency of the copolymers 
P7b, P8b. On the other side, the bromo-atoms present as end-groups in the side-chains of the 
precursors P7b, P8b make polymeric chains with higher molecular weights less soluble.[60] 
Moreover, the different work-up techniques applied on precursor and final polymers should 
not be neglected, when discussing the lower molecular weights of the former.[61] Precursor 
copolymers were purified by Soxhlet extraction and the usage of chloroform as extraction 
medium can lead to a partial fractionation resulting in losses of the less soluble but higher in 
molecular weight fraction. Precipitation from n-hexane in the case of the post-functionalized 
copolymers made such a fractionation unlikely. Regarding now the almost quantitative post-
functionalization process confirmed by the 
1
H-NMR calculations and the fact that molecular 
weight and PDI values should be treated as rough estimates due to the different hydrodynamic 
volumes of conjugated copolymers and poly(methyl)methacrylate standards, the amphiphilic 
character of the phosphonate-groups and their larger total weight compared to the previous 
bromo-functionalities seem to be the reasons for the enhancement of the molecular weights. 
The copolymers were furthermore characterized in terms of their optical properties and the 
results are listed in Table 3.5. Figures 3.14a-b illustrate the UV-vis and fluorescence spectra 
of the final polymers in solution and films, correspondingly, exhibiting a blue-light emission 
with a maximum at 416 nm and quantum yields up to 0.54 (Table 3.5). An advantageous 
precipitation method allows shifting their blue emission to white by preparation of water-
stable dispersions, whereby microparticles possessing high quantum yields of up to 0.84 were 
obtained (Table 3.5). The precipitation method involves the dissolution of copolymers P7b, 
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P8b in tetrahydrofuran and injection of the solution in vibrating water by means of ultrasonic 
bath. The sonication process is sustained for 1 h at room temperature and is illustratively 
depicted in Scheme 3.8. 
 
 
Scheme 3.8: Schematic representation of the formation of the copolymer microparticles P7b 
MPs and P8b MPs. 
 
In principle, when using this method, we are dealing with a solvent exchange process, 
whereby the target polymers are firstly dissolved in a ‘good’ solvent (THF) and rapidly mixed 
by means of sonication with an excess of a ‘poor’ solvent (water). Important is that the chosen 
pair of ‘good’ and ‘bad’ solvent is miscible to each other. The discrepancy in the solubility, 
however, causes a collapse of the copolymer chains due to aggregation of the organic 
molecules forming thus hydrophobic copolymer particles (Scheme 3.8). The sudden change 
of solvent quality induces densely packed structures of particulate spheres designated as 
microparticles (MPs). The differentiation of their optical properties compared to the linear 
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analogues P7b/P8b can be seen in Figures 3.14a-c. In particular, the microparticles of the 
copolymer P7b exhibit a different fluorescence pattern compared to the P8b MPs, a 
differentiation, which may have to do with the fact that copolymer P7b was synthesized by 
application of a Yamamoto-mediated step-growth mechanism consisting the different optical 
behaviour dependent on the catalysis applied for the backbone design.  
 
Table 3.5: Optical properties of copolymers P7,8a-b and microparticles P7,8b MPs. 
 
Polymers 
Abssol
a)
 
(log ε)e)  
 
[nm] 
 
Absfilm 
 
[nm] 
Emsol
a);b)
 
 
[nm] 
Emfilm
b)
 
 
[nm] 
Egsol
a);c)
 
 
[eV] 
Egfilm
c)
 
 
[eV] 
sol
a);d)
 
 
 
P7a 382 
(5.44) 
380 418/439 425/446 2.92 2.89 0.33 
P8a 380 
(5.20) 
381 417/440 429/449 2.95 2.88 0.16 
P7b 381 
(4.98) 
388 416/440 431/448 2.93 2.85 0.54 
P8b 382 
(5.71) 
411 416/441 432/453 2.93 2.58 0.52 
P7b MPs 380 
(2.69) 
397 432/455/530 - 2.86 2.59 0.61 
P8b MPs 382 
(2.45) 
400 436/464/493 - 2.83 2.60 0.84 
 
a)
in chloroform solution (10
-6
 mol/L) for copolymers P7,8a-b and in water solutions (10
-4
 
mol/L) for polymer particles P7,8b MPs; 
b)exc. 390 nm; 
c)
calculated from the absorption 
band-edge; 
d)
determined according to Demas and Crosby[15] by using PF8 as reference; 
e)
log 
ε in L  mol-1  cm-1. 
 
 
P7b MPs possessed an extra band at 530 nm, which complements the blue-emitting one at 
432 nm and could be assigned to increased interchain interactions leading to a small fraction 
of red-shifted agglomerated species[62] (Figure 3.14c). The outcome of this experiment is 
visualized in Figure 3.15a, where a white-light emitting dispersion, which remains stable for 
over a period of three weeks, is depicted. On the other side, the P8b MPs exhibit bands, 
which are sharper compared to P8b expanding, however, on the same wavelengths (Figure 
3.14c). The lack of a band at 530 nm renders the dispersion capable of emitting only in the 
wavelengths of the blue region of the color spectrum (Figure 3.15b).  
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Figure 3.14: Normalized emission and absorption (inset) spectra of copolymers P7,8b in 
solution (chloroform, 10
-6
 mol/L) (a), films (drop-cast from chloroform, 1 mg/mL) (b) and as 
copolymer microparticles (P7,8b MPs) prepared via a precipitation-sonication procedure 
(water, 10
-4
 mol/L) (c). 
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Figure 3.15: Photographs of the polymer microparticles P7b MPs (a) and P8b MPs (b), both 
illuminated with UV-vis irradiation under an excitation wavelength of λexc. 366 nm. 
 
The microparticles of the copolymers seem to possess electronic states, which might be 
brought in connection to a keto-defect circumstance. In order to clear up with this assumption, 
the microparticles were compared to fluorenone-containing poly(fluorene)s (PFOs). The 
additional peak arising at about 530-560 nm for the PFOs in different surroundings[63] can 
not distinctly exclude the possibility of the backbone oxidation during the Yamamoto 
catalysis, which becomes pronounced into sight when water is the medium used for the 
performance of the fluorescence measurements. Therefore, the photophysical properties of the 
microparticles seem to be affected by the solubility of the copolymers and the structural 
configuration of their backbone. The shifting in case of P7b MPs can be thus traced back to 
intrachain energy tranfer or interchain excimer emission facilitated by the closer coming-
together of the polymer chains[64], not the case for the alternating configuration of the P8b 
microparicles. This get-together tendency of the P7b MPs is evidenced by the formation of 
larger agglomerates compared to the P8b MPs and discussed later on, when describing the 
dynamic light scattering measurements (DLS). 
The surface morphology of the copolymer microparticles was investigated by means of 
atomic force microscopy and the AFM images in Figure 3.16a are recorded in tapping mode 
showing the raw height data in top view and false color representation. In order to acquire 
more information about the surface morphology, the recorded AFM images are also 
represented with slope shading (Figure 3.16b) an option provided by the software, whereby a 
calculation of the raw data is implemented adding a perspective illumination from the right to 
the images[65-67]. The P8b MPs exhibited the tendency to build well-defined homogeneous 
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microparticle aggregates (500 nm in diameter), which agglomerate in even larger clusters 
(2500 nm in size). The particle formation occurred less pronounced in case of polymer P7b, 
where only partly microparticle clusters are built (900 nm in size, top-right side of the image). 
The average surface roughness of the copolymer microparticles P8b (264 nm) is by a factor of 
three lower compared to the average surface roughness of the P7b MPs (817 nm). This event 
can be a further reason for the differentiation in the appearance of the microparticles on the 
AFM pictures. 
 
 
 
Figure 3.16: AFM images of the copolymer microparticles P7,8b MPs (a) False color 
representation of the raw height data acquired in the tapping mode. (b) Contour plot 
calculated from the raw data with slope shading. The films were prepared by drop-casting 
copolymer microparticles (10
-2
 mol/L) from water on glass substrates. The AFM images have 
a scale of 50  50 μm. 
 
The particle size profile of P7,8b MPs is complemented by dynamic light scattering 
measurements. The P7b MPs revealed a particle distribution of 540.1 nm in diameter and a 
standard deviation of 343.6 nm, while the P8b MPs showed particles of 324.5 nm in diameter 
with a standard deviation of 143.3 nm. These values are reasonably comparable to the AFM 
ones, taking the respective standard deviations and the existing diversity of the preparation 
 72 
conditions of the samples into consideration. The different molecular weights and the tightly 
packed structures leading to interchain interactions[62] in case of the solid state AFM 
measurements may be the reasons for the differences in the microparticles’ size.  
Completing the analytical characterization of the copolymer microparticles, the precipitation-
sonication method was extended to the direction of combining the copolymers with water-
soluble CdTe nanocrystals in order to create composite systems. The successful outcome of 
these experiments is discussed in section 3.4, while the possibility of energy transfer in those 
systems is scrutinized in the chapter of ‘Energy and Electron Transfer Studies’. 
 
3.4 Poly(fluorene)-CdTe Composites 
 
Incorporation of phosphonate side-chains in the backbone of polymers is of particular interest 
due to the amphiphilic properties accompanying the phosphonate-groups[68], the possibility 
to design well-soluble polymers[56] and their tendency to interact with inorganic compounds 
like quantum dots.[69] These characteristics can be essential in biological systems and in 
processing modern multi-layer devices.[70] Towards this direction and in the frame of this 
work two copolymers with phosphonate-functionalized side-chains were synthesized by 
applying a post treatment of precursor polymers under assistance of an Arbuzov protocol.[57] 
In a first step, the precursor polymers were synthesized by comprising 2,7-dibromo-9,9'-bis(6-
bromohexyl)-9H-fluorene (2) and 2,7-dibromo-9,9'-dioctyl-9H-fluorene (3) in order to obtain 
the Yamamoto-based copolymer P7a, while 2,7-dibromo-9,9'-bis(6-bromohexyl)-9H-fluorene 
was combined with 2,2'-(9,9'-dioctyl-9H-fluorene-2,7-diyl)bis(1,3,2-dioxaborinane) (DFB) in 
order to end up with the Suzuki-mediated copolymer P8a. Post-functionalization using 
triethyl phosphite acquired the desired final products P7b and P8b after precipitation from n-
hexane (Scheme 3.9). Applying a precipitation-sonication process allows the bringing-
together of the phosphonate-functionalized copolymers with CdTe quantum dots 
(Scheme 3.9). 
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Scheme 3.9: Schematic representation of the structural configuration of final copolymers 
P7b, P8b (top) and their composites with CdTe nanocrystals via the precipitation-sonication 
method (bottom). 
 
The in-here used nanocrystals synthesized by Dr. Vladimir Lesnyak in the group of Prof. Dr. 
Eychmüller (Technical University of Dresden, Physical Chemistry/Electrochemistry 
Department) represent two classes of CdTe quantum dots, both water-stable and endcapped 
with thioglycolic acid (TGA) possessing, however, different emission maxima at 534 nm 
(green CdTe) and 631 nm (red CdTe). The experiments to ally polymers and nanocrystals via 
a precipitation-sonication method resulted in microparticulate dispersions, which remained 
stable without deposition signs or diminution of their illumination. The resulting particulate 
material is designated as microparticles (MPs) and this is the case for the polymer-CdTe 
systems and the bare polymers as well. Details about the theoretical background of the 
precipitation-sonication methodology are cited in chapter 3.3. The significance of the 
aforementioned processing is revealed, when sonication is eliminated during the preparation 
of these dispersions. Experiments performed excluding the use of an ultrasonic bath led to 
solutions with a blue tinge under UV-vis irradiation, even after addition of green or red-light 
emitting CdTe nanocrystals (Figures 3.17a-b). Increased concentration of for example red 
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CdTe nanocrystals (from 1  10-5 mol/L to 6  10-5 mol/L) induced a color change but the 
absence of sonication produced solutions with weak fluorescence. 
As the optical properties of the nanocrystals remain unaltered, when injecting them in 
sonicating water, their combination with polymers P7,8b is possible. The implementation 
of sonication allows an intensification of the polymer-nanocrystal system emission color, 
when both counterparts are subjected to the sonication procedure (Figure 3.17c). 
 
 
 
Figure 3.17: Photographs of P7b, P7b+CdTegreen, P7b+CdTered, P7b+CdTegreen+red, CdTered, 
CdTegreen, CdTegreen+red (a) P8b, P8b+CdTegreen, P8b+CdTered, P8b+CdTegreen+red, CdTered, 
CdTegreen, CdTegreen+red (b) P7b MPs, P7b MPs+CdTered, P8b MPs, P8b MPs+CdTered, 
CdTered (c) (in that order left to right, under illumination of UV-vis irradiation at λexc. 366 
nm). Dispersions in 3.17c are prepared by the precipitation-sonication method, not the case 
for the solutions in 3.17a-b. 
 
CdTe nanocrystals added in non-sonicated aqueous polymer solutions do not cause color 
changes as Figures 3.17a-b prove and a pronounced color changeover is the case only for 
sonicated systems (Figure 3.17c), rendering these systems applicable in multi-layer colored 
or white OLED devices even when processed from water. The stability of the composites was 
tested through centrifugation experiments of their dispersions followed by fluorescence 
emission measurements of the resulting supernates and precipitates. The conditions of the 
centrifugation experiments are listed in Table 3.6. Independently from the time and velocity 
of the centrifugation, a coexistence of polymers and nanocrystals in the supernates is 
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evidenced and designated with the + symbol in Table 3.6. The fluorescence measurements 
bringing into light this claim are depicted in Figure 3.18. 
 
Table 3.6: Experimental parameters of the centrifugation trials. 
 
P7b MPs+CdTe P8b MPs+CdTe 
Time 
(min) 
Velocity 
(rpm) 
Composite-
Configuration
a)
 
Time 
(min) 
Velocity  
(rpm) 
Composite-
Configuration
a)
 
1 1600 + 1 1600 + 
1 3000 + 1 3000 + 
1 6000 + 1 6000 + 
1 10000 + 1 10000 + 
1 13000 + 1 13000 + 
3 13000 + 3 13000 + 
 
a)
The + symbol is representative for the composite nature of the P7b MPs+CdTe and P8b 
MPs+CdTe systems in the supernates resulting after the performance of the centrifugation 
trials. 
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Figure 3.18: Fluorescence spectra of the supernates of the P7b MPs+CdTe (a) and P8b 
MPs+CdTe (b) systems, which were prepared by the precipitation-sonication procedure, 
followed by centrifugation at different time intervals and velocities. (CP7b,P8b: 10
-4
 mol/L and 
CCdTe: 6  10
-5
 mol/L, λexc. 380 nm). 
 
The precipitates may bear weaker intensities exhibit, however, in both systems fluorescence 
spectra that are similar to the supernates. A decrease of the nanocrystals concentration by a 
factor of six (CCdTe: 1  10
-5
 mol/L) in these systems led to the phenomenon of polymer 
leaching in the supernate and the nanocrystal sedimentation in the precipitate, which in terms 
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of fluorescence spectroscopy means pronounced polymer and CdTe bands in the spectra of 
supernate and precipitate, correspondingly. The composite configuration of the achieved 
polymer-nanocrsytal systems is once more verified by application of dynamic light scattering 
measurements performed at the Technical University of Dresden, Physical 
Chemistry/Electrochemistry Department in the group of Prof. Dr. Eychmüller under the 
assistance of Jan Poppe. The unimodal and symmetric particle distribution of the P7b 
MPs+CdTe and P8b MPs+CdTe systems can be seen in Figure 3.19. This observation 
indicates materials, which keep the two counterparts closely together. The fact that floating of 
CdTe aggregates is missing, as the size distribution profiles elucidate, can qualify these 
systems even for the class of hybrid materials. 
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Figure 3.19: Dynamic light scattering measurements of the P7b MPs+CdTe (a) and P8b 
MPs+CdTe (b) composite systems illustrated as intensity distribution plots. The dispersions 
of the composites were prepared in water using 10
-3
 mol/L polymer and 1  10-4 mol/L CdTe 
concentration. 
 
According to DLS, the composites of copolymer P7b and the CdTe nanocrystals build 
particles of 353.9 nm in average diameter and standard deviation of 186.9 nm exhibiting a 
parabolic distribution, while the composites consisting of copolymer P8b and the CdTe 
nanocrystals show a normal distribution profile (Figure 3.19b) with an average diameter of 
488 nm and an expected smaller standard deviation of 79.9 nm. The surface morphology of 
the composites was investigated by means of atomic force microscopy in the tapping mode. 
The AFM images illustrate the raw height data in top view (Figure 3.20a) and the surface 
appearance with slope shading (Figure 3.20b), which is a calculation provided by the 
software, where a perspective illumination from the right is implemented on the images 
improving thus the contour visualization.[65-67] 
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The AFM measurements, in case of the P7b MPs+CdTered composite system revealed 
formation of nanocrystal aggregates, which stand out from the polymer surface, while an 
alignment of the nanocrystals around the polymer chains was observed in case of P8b 
MPs+CdTered. 
 
 
 
Figure 3.20: AFM images of P7b MPs+CdTered and P8b MPs+CdTered composites prepared 
from water dispersions via the precipitation-sonication method. (a) False color representation 
of the raw height data acquired in the tapping mode. (b) Contour plot calculated from the raw 
data with slope shading. The films were prepared by drop-casting microparticulate 
copolymer-CdTered dispersions (10
-2
 mol/L copolymer and 10
-3
 mol/L nanocrystal 
concentration) from water on glass substrates. The AFM images have a scale of 50  50 μm. 
 
The combination of the polymers with the nanocrystals provided average surface roughness of 
499 nm in case of the P7b MPs+CdTe system (817 nm for the bare P7b MPs) and a 278 nm 
surface roughness in case of the P8b MPs+CdTe system (264 nm for the bare P8b MPs). A 
tendency to a smoother surface can be identified, when combining the CdTe nanocrystals with 
the P7b microparticles compared to the surface of the bare P7b microparticles, whereas the 
 78 
surface characteristic is not immensely influenced for the P8b MPs+CdTe system allowing 
thus the monitoring of the postulated coming-together of the nanocrystals around the polymer 
chains. In terms of their optical properties, these composite systems are discussed in the 
chapter of ‘Energy and Electron Transfer Studies’ elucidating a dependence of the realized 
energy transfer process on the preparation method of the composite dispersions. 
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4 Energy and Electron Transfer Studies 
 
4.1 CdSe 
 
CdSe nanocrystals were firstly used in a synthesis, where the synthesized amino-
functionalized fluorene 14 played the role of one co-ligand. The obtained fluorene-surface-
functionalized CdSe nanocrystals (NC1) synthesized in the group of Dr. Andrey Rogach 
(Department for Physics and Center for Nanoscience, Maximilian University of Munich) have 
been used as starting material in straight-forward Yamamoto protocols in order to obtain 
oligo(fluorene) capped CdSe NCs (NC2) and upon combination of NC1 with 2,7-dibromo-
9,9'-dioctyl-9H-fluorene, CdSe nanocrystals surrounded by poly(fluorene) chains (NC3). The 
investigation of the optical properties by means of photoluminescence spectroscopy for the 
three nanocomposites in comparison to reference nanocrystals (CdSeref) endcapped with n-
hexadecylamine and tetradecylphosphonic acid revealed (section 3.2, Figure 3.7) neither for 
NC2 nor for NC3 reliable signatures of energy transfer from the polymer part to the 
nanocrystals. On the other hand, quenching of the nanocrystal emission is observed (Figures 
3.7b-c), a phenomenon attributed to the short separation distances between the organic and 
inorganic components provided through their direct chemical binding. The direct linkage of 
CdSe NCs and fluorene-moieties favours efficient charge separation, which is a process 
competitive to the energy transfer from the organic to the inorganic counterpart included in 
organic-inorganic composites.[1] A deeper insight in the photophysics of the in-here 
synthesized nanocomposites was gained by conducting time-resolved photoluminescence 
measurements. The latter experiments were carried out in the groups of Dr. Andrey Rogach 
and Prof. Dr. Feldmann in the Department for Physics and Center for Nanoscience at the 
Maximilian University of Munich. Figure 4.1 visualizes the time-resolved PL measurements 
in terms of photoluminescence decay. The photoluminescence kinetics of CdSe NCs in 
composites NC1 and NC3 are in the frame of experimental error differ, however, clearly from 
CdSeref. As Figure 4.1 reveals, the nanocrystals in the composites NC1 and NC3 exhibit 
significantly faster photoluminescence decays compared to the reference CdSe nanocrystals. 
This observation is a further argument supporting, together with the photoluminescence 
quenching, the hypothesis of a charge separation process between CdSe nanocrystals and 
fluorene counterparts rendering these hybrid materials promising for photovoltaic devices.[2] 
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Figure 4.1: (a) Time-resolved photoluminescence spectra of CdSe nanocrystals embraced in 
the samples of the reference nanocrystals CdSeref and the nanocomposites NC1 and NC3 and 
(b) the corresponding structural configurations of the materials. 
 
Regarding the fact that measurements of nanocomposites NC1 and NC3 comprise and 
coincide to experimental errors, it seems that the opto-electronic properties of these 
composites are not influenced by the polymerization conditions but depend on the chemical 
linkages proceeding on the surface of the nanocrystals between fluorenes and CdSe. 
 
 
 
 
a) 
b) 
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4.2 CdTe 
 
4.2.1 CdTe and Poly(fluorene)s Containing Aliphatic Amino-Side-Chains 
 
Two fluorene-based wide band-gap copolymers (P2a-b) equipped with aliphatic amino-end-
groups and prepared from their side-chain bromo-functionalized precursors (P1a-b), which 
were synthesized according to a Ni(0) mediated Yamamoto polymerization, were applied as 
hosts for low band-gap CdTe nanocrystals. A reference polymer Pref, where the building 
block with amine-functionality was excluded, was synthesized as well (Figure 4.2).[3] 
 
N N
x y
z
P2a-b
x
y
Pref  
Figure 4.2: Configuration of the amino-functionalized copolymers P2a (x/y/z: 40/10/50) and 
P2b (x/y/z: 35/15/50) and the reference copolymer Pref (x/y: 50/50), where x,y,z represent 
the feed ratio of the initial building blocks in %. 
 
The CdTe nanocrystals were endcapped with 4-bromobenzenethiol and prepared in the group 
of Prof. Dr. Eychmüller (Technical University of Dresden, Physical 
Chemistry/Electrochemistry Department) by Dr. Vladimir Lesnyak using a literature 
approach.[4] The detailed synthesis is described in the experimental part (section 6.5.1). The 
average particle diameter of the CdTe/HS-C6H4-Br NCs is 2.9 nm and their optical properties 
are shown in Figure 4.3. 
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Figure 4.3: Absorption and emission spectra of the CdTe/HS-C6H4-Br nanocrystals in 
dimethylformamide (DMF). The particle concentration in DMF was 9  10-4 M (40 mg/mL). 
 
The next step was the preparation of CdTe-polymer composites by a respective procedure 
explained in the experimental part (section 6.5.2). Subsequently, solid-state measurements of 
the optical properties of the copolymers solely and the CdTe-polymer systems were 
conducted in terms of relative emission intensities (Figure 4.4a). The bare copolymers Pref, 
P2a and P2b showed efficient blue-light emission at an excitation wavelength of 410 nm. The 
addition of the CdTe nanocrystals in order to create the CdTe-polymer systems quenched the 
polymer emission without initiating an energy transfer process onto the added nanocrystals. 
The sequence of the quenching effect (QE) assigned to the polymer backbone band follows 
the order QEPref < QEP2a < QEP2b. In concrete terms, the signal of the nanocomposite 
comprising Pref and CdTe NCs is quenched by a factor of 8.4 compared to the bare Pref, 
while the intensities of the composites based on copolymers P2a and P2b were lowered by a 
magnitude of 12.5 and 24.7, correspondingly, and in respect to their neat copolymer bands, as 
well. By normalizing the fluorescence measurements on the basis of the polymer emission, 
the 610 nm band, which was not pronounced during the relative emission intensities 
measurements, becomes obvious and is assigned to the CdTe nanocrystals (Figure 4.4b). This 
band exhibited an intensity enhancement (IE) following the order: IEP2b+CdTe > IEPref+CdTe > 
IEP2a+CdTe. The larger fluorescence deactivation of P2b compared to polymers P2a and Pref 
in their composites with CdTe nanocrystals and the corresponding higher intensity 
enhancement of the NC band in the P2b+CdTe composite, may thus be brought in connection 
to the content of the amino-groups in the copolymer side-chains. In this way, the enhanced 
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nitrogen content in case of P2b can possibly influence the surface states of the CdTe 
NCs.[5,6] 
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Figure 4.4: Emission (a) and normalized emission (b) spectra of copolymers Pref, P2a, P2b 
(1 mg/mL in THF) and their composites with CdTe (λexc. 410 nm) drop-casted from THF and 
a DMF/THF (1/3) mixture, respectively. 
 
The deactivation process can be monitored on the pictures of Figure 4.5 and can be most 
probably assigned to collisional quenching, a phenomenon, for which bromobenzene, an 
efficient quencher of many fluorophores, is particularly known.[7] 
 
 
 
Figure 4.5: Images of copolymer P2b, CdTe NCs and P2b+CdTe composite system (1:1 v/v) 
in that order from the left to the right without (left) and under UV-vis irradiation at an 
excitation wavelength of 366 nm (right). 
 
4-Bromobenzenethiol (HS-C6H4-Br), the endcapper used for the synthesis of the CdTe 
nanocrystals in order to stabilize and functionalize their surface, belongs to the class of 
bromobenzenes and can thus suppress the polymer emission by a direct contact with the 
polymer in solid films. Furthermore, the solvent used for the maintenance of the nanocrystals 
namely N,N-dimethylformamide is also known for its quenching properties and can contribute 
to the appearing fluorescence drop. It seems that the deactivation and intensity enhancement 
processes in these composite systems exhibit a dependence on the bromo-functionalized 
stabilizing ligands of the nanocrystals and the nitrogen content of the copolymers as well.[3] 
The polymer with the highest nitrogen amount incorporated in the backbone (P2b) showed a 
double and triple order luminescence decrease compared to P2a and Pref, rendering the 
emission deactivation a possible nitrogen-content depending process. The electron-rich amine 
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end-groups of the fluorene-based copolymers P2a-b may thus provide detection capabilities 
of nanocrystals decorated with electron deficient ligands and can become candidates as 
fluorescent-based sensor materials. On the other hand, the dependence on the bromo-
functionalities embraced in the nanocrystal-surface endcappers can render the resulting 
luminescence diminishment promising for sensing bromo-containing aromatic compounds. 
4.2.2 CdTe and Poly(fluorene)s/Poly(carbazole)s Containing Arylamino Side-
Chains 
 
Two alternating poly(fluorene)s designed with 4,4'-(2,7-dibromo-9H-fluorene-9,9'-diyl) 
dianiline or 4,4'-(2,7-dibromo-9H-fluorene-9,9'-diyl)bis(N,Nʹ-diphenylaniline) as building 
blocks (P3 & P4) and their corresponding poly(carbazole)s based on comonomers 4-(3,6-di-
bromo-9H-carbazol-9-yl)aniline or 4-(3,6-dibromo-9H-carbazol-9-yl)-N,Nʹ-diphenylaniline 
(P5 & P6) were prepared by copolymerizing them with 2,2'-(9,9'-dioctyl-9H-fluorene-2,7-
diyl)bis(1,3,2-dioxaborinane) following a classical Suzuki protocol (Figure 4.6).[8,9]  
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H2N NH2
y
N N
n
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Figure 4.6: The fluorene- (P3 & P4) and carbazole-based (P5 & P6) alternating arylamino-
functionalized copolymers. 
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The wide band-gaps of the polymers and their nitrogen containing side-chains can facilitate 
their function as linkers to a variety of nanoparticles like the semiconductor low band-gap 
CdTe nanocrystals. The CdTe nanocrystals used in our experiments were endcapped with 4-
bromobenzenethiol (HS-C6H4-Br) and synthesized by Dr. Vladimir Lesnyak from the group 
of Prof. Dr. Eychmüller (Technical University of Dresden, Physical 
Chemistry/Electrochemistry Department).[4] The emission color of the obtained CdTe 
nanocrystals varied from green (CdTe A) to orange-red (CdTe E), whereby their optical 
properties, morphology and appearance in solution are given in Figures 4.7a, 4.7b and 4.7c, 
respectively. 
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Figure 4.7: (a) Absorption and emission spectra of CdTe/HS-C6H4-Br NCs emitting light 
from green (CdTe A) to orange-red (CdTe E) color. The particle concentration in DMF varied 
from 10
-3
 M to 7.3  10-4 M. (b) TEM image of CdTe/HS-C6H4-Br NCs emitting orange light 
(CdTe E). (c) Photographs of CdTe NCs A, B, C, D, E in DMF (in this sequence from the left 
to the right): daylight (top) and under illumination of UV light at an excitation wavelength of 
366 nm (bottom). 
c) 
b) 
a)
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Copolymers and nanocrystals exhibit overlapping emission and absorption spectra and the 
band-gap alignment of the copolymers is suitable to play the role of the host. Solid-state 
measurements of the optical properties of polymers, nanocrystals and their composites were 
conducted in order to investigate possible energy transfer from the polymers onto the CdTe 
nanocrystals.[8] 
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Figure 4.8: (a) Emission spectra of films of polymers P3, P4, CdTe E nanocrystals and their 
composites (λexc. 380 nm). (b) Emission spectra of films of polymers P5, P6, CdTe E 
nanocrystals and their composites (λexc. 370 nm). (c,d) Normalized emission spectra of the 
composites of polymers P3-P6 with CdTe E nanocrystals. Polymer films were drop-casted 
from THF, while nanocrystal and composite films from a DMF/THF (1/3) mixture. (e) 
Photographs: Left: P3, P3+CdTe E, CdTe E, P4, P4+CdTe E, in that order left to right. Right: 
P5, P5+CdTe E, CdTe E, P6, P6+CdTe E in that order left to right without and under 
illumination of UV light (λexc. 366 nm). 
e) 
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Figures 4.8a and 4.8b visualize the aforementioned measurements, which reveal an 
insufficient tendency for energy transfer from the polymers to the nanocrystals, probably due 
to 4-bromobenzenethiol (HS-C6H4-Br) used for the nanocrystal surface functionalization and 
known for its polymer-emission quenching properties. On the other side, the intolerability of 
the nanocrystals in solvents like chloroform or hexane makes their storage obligatorily 
feasible in N,N-dimethylformamide, a solvent known for its quenching ability, as well. 
However, the normalized emission spectra of the composites (Figures 4.8c, 4.8d), when 
viewed in conjunction to the photographs of polymer, CdTe and composite solutions (Figure 
4.8e), reveal a potential for tuning the emission color of the host-guest system. The pictures in 
Figure 4.8e make the color shift visible, whereby a color change from blue to red is observed 
in the case of copolymer P3 and to reddish-white in the case of P4. The composites prepared 
by carbazole-based copolymers P5 and P6 exhibited a reddish-white color change, when 
compared to the blue-emitting polymers and the orange-red emitting CdTe E nanocrystals. 
The morphology of the achieved composites were investigated by means of atomic force 
microscopy in the tapping mode and the measured films were prepared by mixing DMF 
solutions of the CdTe E nanocrystals (8 mg/mL) with THF solutions of the polymers 
(1 mg/mL) in a 1:1 (v/v) ratio by drop-casting on glass substrates. The AFM experiments 
were carried out in the group of Prof. Dr. Frahm at the University of Wuppertal and supported 
by Jan-Christoph Gasse. Figure 4.9a illustrates the formation of CdTe nanoparticle clusters 
with a domain size of ~ 200 nm as revealed by AFM. The formed CdTe nanocrystal 
aggregates seem to be over-coated with a layer of the individual polymer as the comparison of 
the composite images with the bare CdTe nanocrystals shows (Figure 4.9b). The roughness 
of the film surfaces is considerable for the polymer-nanocrystal systems and traversing from 
composites built with polymer P3-P6 the average roughness values recorded were as 
following: 146.6 nm, 322.8 nm, 254.5 nm and 165.7 nm.  
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Figure 4.9: AFM images (tapping mode) of (a) films of composites prepared by mixing DMF 
solutions of the CdTe E nanocrystals (8 mg/mL) with THF solutions of the polymers 
(1 mg/mL) in a 1:1 (v/v) ratio and (b) film of the CdTe E nanocrystals (4 mg/mL 
concentration in DMF) on glass substrates obtained by drop-casting the respective solutions. 
The AFM images have a scale of 30  30 μm. 
  
The quite large roughness is an attribute of the drop-wise addition of the prepared AFM 
solutions on the glass substrates as the lack of spinning hinders the formation of perfectly 
homogeneous films. CdTe E nanocrystals exhibit a more uniform film compared to the films 
of the composites with a roughness of 319.9 nm. The larger packed regions (10-21 μm) 
leading to larger aggregation phenomena, may be the result of the breaking-down of the film 
due to shrinkage by solvent evaporation. As the fluorescence solid-state measurements 
pointed out, an appropriate combination of copolymers and CdTe nanocrystals renders the 
accomplishment of white-light emission possible.[8] For this purpose, the blue-emitting 
copolymers P3-P6 were brought together with a yellow-emitting CdTe species. The latter was 
prepared by mixing the orange-red emitting CdTe NCs E with the green emitting CdTe NCs B 
(section 6.5.3). The approach towards white-light emission in solution was revealed by the 
emission bands at ~ 425 nm and ~ 545 nm as is shown in Figure 4.10a. The complementary 
yellow band appearing at 545 nm is essential for the achievement of white light. 
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Figure 4.10: (a) Emission spectra of copolymers P3, P4+CdTe (λexc. 380 nm) and copolymers 
P5, P6+CdTe (λexc. 370 nm) in DMF solutions. (b) Normalized emission spectra of 
copolymers P3, P4+CdTe (λexc. 380 nm) and copolymers P5, P6+CdTe (λexc. 370 nm) in films 
drop-casted from DMF. (c) Exemplary photograph of white-light emission under illumination 
of UV light (λexc. 366 nm) of the composite of copolymer P4+CdTe NCs B and E. 
 
The corresponding solid-state measurements are seen in Figure 4.10b, showing a blue shift of 
both bands coming up now at ~ 420 nm and ~510 nm, respectively. Figure 4.10c illustrates 
exemplarily the achieved favorable white-light emission for the composite system of polymer 
P4 with CdTe nanocrystals B and E in DMF solution. Thus, following a fine color-tuning 
process, white-light emission within organic-inorganic composites was achieved. The 
emission colors of the host-guest systems can be varied according to the operator’s desire, 
implying the interconnection of the amino-functionalized copolymers to CdTe semiconductor 
NCs as indicated by the tuning of the emission color of the host-guest systems. 
 
4.2.3 CdTe and Poly(fluorene)s Containing Phosphonate-Functionalized Side-
Chains  
 
Two phosphonate-functionalized fluorene-based copolymers (P7b, P8b) were prepared by 
post-modifying the bromo-functionalized precursors (P7a, P8a) under assistance of an 
c) 
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Arbuzov protocol (Figure 4.11). The latter were synthesized using nickel(0)- and 
palladium(0)-mediated polymerizations.[10] 
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Figure 4.11: Phosphonate-functionalized copolymers P7b and P8b. 
 
Incorporating the final polymers in a precipitation-sonication methodology, microparticles 
(P7b/P8b MPs) were targeted building water-stable dispersions (section 3.3). Combination of 
the polymers with water-stable CdTe nanocrystals under the precipitation-sonication 
conditions gave the opportunity to end up with composites, which maintained their stability 
and their intact emission brightness as centrifugation experiments of their dispersions 
evidenced (section 3.4).[10] The CdTe nanocrystals used in our experiments were endcapped 
with thioglycolic acid (HS-CH2-COOH) and synthesized by Dr. Vladimir Lesnyak in the 
group of Prof. Dr. Eychmüller (Technical University of Dresden, Physical 
Chemistry/Electrochemistry Department) following a standard aqueous synthetic approach.[4] 
The composite nature of the systems in the dispersions was confirmed by means of 
centrifugation experiments. The investigation of the resulting supernates by fluorescence 
spectroscopy brought polymer and nanocrystal bands into light, indicating coexistence of the 
two counterparts (section 3.4, Figure 3.18). The P7b/P8b MPs+CdTe dispersions were 
subjected to dynamic light scattering measurements as well, giving unimodal particle size 
distribution profiles. AFM measurements performed in the group of Prof. Dr. Frahm at the 
University of Wuppertal allowed the observation of a coming-closer of the nanocrystals 
around the chains of the polymer (section 3.4, Figure 3.20), being a further indication for a 
successful preparation of composite materials via the precipitation-sonication method. The 
fact that the polymers seem to play the role of the host for the semiconductor CdTe 
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nanocrystals and their emission overlaps the absorption spectrum of the quantum dots, renders 
the investigation of the energy transfer feasibility in these composite systems of great interest. 
Therefore, UV-vis and fluorescence spectroscopy experiments were conducted implying the 
significance of the precipitation-sonication method, when it has to do with the disclosure of 
the energy transfer process.[10] Figure 4.12 illustrates the absorption spectra of the 
P7b/P8b+CdTe systems under assistance of sonication or excluding this treatment. 
 
300 400 500 600 700
0,0
0,2
0,4
0,6
0,8
1,0
a)
N
o
rm
al
iz
ed
 A
b
so
rp
ti
o
n
 (
a.
u
) 
Wavelength (nm)
 P7b MPs+CdTe
 P7b+CdTe
 
300 400 500 600 700
0,0
0,2
0,4
0,6
0,8
1,0
b)
N
o
rm
al
iz
ed
 A
b
so
rp
ti
o
n
 (
a.
u
) 
Wavelength (nm)
 P8b MPs+CdTe
 P8b+CdTe
 
Figure 4.12: Normalized UV-vis spectra of the copolymer-CdTe water dispersions prepared 
via the precipitation-sonication process (P7b/P8b MPs+CdTe) and compared to non-
sonicated systems (P7b/P8b+CdTe). 
 
All UV-vis spectra are dominated by the CdTe absorption pattern. The higher absorbance of 
the non-sonicated systems (P7b/P8b+CdTe) can be attributed to scattering effects induced by 
nanocrystal aggregates, which cover the polymer absorption band. On the other side, the 
absorption of the sonicated systems (P7b/P8b MPs+CdTe) can be considered as a further 
indication of their composite-like nature due to the fact that polymer microparticles and 
nanocrystals seem both to participate and establish optical properties of the supposed 
composite material. The predomination of the nanocrystal absorption pattern is also connected 
to their higher electron affinity compared to conjugated polymers.[11] The fluorescence 
spectra of the aforementioned systems are illustrated in Figure 4.13, indicating, at a first 
glance, the emergence of a CdTe emission band (645 nm) exclusively for both sonicated 
systems. The absence of this peak at the non-sonicated systems can not be attributed to 
concentration effects but may be solely traced back to the use of the ultrasonic bath, which 
facilitates closer coming-together of polymers and nanocrystals and may thus support energy 
transfer due to exciton diffusion from P7b to the inorganic dye.[12] 
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Figure 4.13: Normalized fluorescence spectra of the copolymer-CdTe water dispersions 
prepared via the precipitation-sonication process (P7b/P8b MPs+CdTe) and compared to 
non-sonicated systems (P7b/P8b+CdTe). Fluorescence spectra were normalized regarding the 
polymer emission maximum (λexc. 390 nm, CP7b,P8b: 10
-4
 mol/L and CCdTe: 6  10
-5
 mol/L). 
 
The inadequate transfer in case of the P8b MPs+CdTe system can be an issue of marginal 
inorganic dye concentration for this kind of copolymer. The fact that polymer P8b builds 
moderate agglomerates in solution (particles of 324.5 nm in diameter) compared to the high 
aggregation of P7b (particles of 540.1 nm in diameter) as elucidated by dynamic light 
scattering measurements, can lead to pronounced inter- and intra-forces between nanocrystals 
and polymers in case of the latter. Bearing in mind that an excimer-like state is responsible for 
the observed photoluminescence behavior, weaker interchain interactions are expected in case 
of polymer P8b due to the moderate folding and packing of the chains and this might be the 
reason for the intensity differentiation between the two composite systems.[11] 
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5 Summary and Conclusions 
 
Conjugated polymers containing functional monomers as building blocks that can interact via 
their end-functionalities with other multi-functional or optically active species such as 
nanoparticles or semiconductor nanocrystals are of increasing interest in the modern light-
emitting and display technology. Poly(fluorene)s (PFs) constitute a significant class of 
conjugated polymers, exhibiting desirable properties like good processability, high quantum 
yield and rather large band-gaps. Poly(fluorene)s can be obtained applying several C-C 
coupling reactions like the reductive nickel-mediated Yamamoto polymerization or the 
palladium-proceeded Suzuki polycondensation. Attachment of bulky moieties like 
triarylamine in their C-9 position can not only suppress the disturbing keto-defect emission 
overcoming in that way stability matters and improving the opto-electronic properties of the 
resulting polymers but can also facilitate their linking to nanocrystalline surfaces. Moreover, 
incorporation of carbazole-based building blocks in their backbone can contribute in addition 
to the blue-light emission to a higher hole-transporting mobility and to a raise of the energy 
level of the highest occupied molecular orbital (HOMO) rendering these polymers appropriate 
hosts for other semiconducting species. Furthermore, following the new trend in the 
materials’ design of embracing organic and inorganic components in hybrid structures, 
fluorene derivatives combined with inorganic semiconductor nanocrystals (NCs) are in the 
focus due to the easy processing and mechanical flexibility of the former and the size-
dependent optical properties of the latter. Poly(fluorene)s in the form of nanoparticles 
attracted currently the attention of the researchers especially in combination with 
biocompatible quantum dots, as well. The trend is corroborated by the advantages 
accompanying the family of PFs, namely the high fluorescence, the good processability and 
the facile side-chain modification. In the last case, groups with amphiphilic character like 
phosphonates can play a significant role, not only due to the fact that they can render the 
polymers water-soluble, but also because of their strong chemical affinity to quantum dots 
allowing the preparation of nanocomposite systems. 
 
Within the framework of this thesis and bearing in mind the aforementioned interesting 
features of the fluorene chemistry, fluorene- and carbazole-based building blocks were 
synthesized and incorporated in Yamamoto or Suzuki polymerizations, targeting to post-
modified copolymers, polymer microparticles or hybrids. Their combinative interplay with 
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inorganic quantum dots allowed the acquirement of composite materials and the subsequent 
investigation of the complicated phenomena of the energy and electron transfer. 
 
Using a facile Yamamoto protocol two random bromo-side-chain functionalized fluorene-
based copolymers were obtained by applying 2,7-dibromo-9,9'-bis(6-bromohexyl)-9H-
fluorene, (E)-1,2-bis(4-bromophenyl)ethene and 2,7-dibromo-9,9'-dioctyl-9H-fluorene as 
comonomers in varying contents. The bromo-groups of the precursors were modified utilizing 
di-n-propylamine and the final amino-functionalized copolymers P2a-b (Figure 5.1) revealed 
wide band-gaps of 2.84 eV and favorable quantum yields of up to 0.78 in solution. The use of 
the polymers as hosts for CdTe nanocrystals allowed the monitoring of the deactivation and 
intensity enhancement process of the polymer and the CdTe emission, when both counterparts 
considered within a composite system. The quenching of the amino-functional copolymers 
emission upon addition of the CdTe NCs illustrated the polymer-CdTe interconnection. 
Moreover, the deactivation and intensity enhancement processes in these composite systems 
exhibited a dependence on the bromo-functionalized stabilizing ligands of the nanocrystals 
and the nitrogen content of the copolymers, as well. 
 
 
N N
x y
z
P2a-b  
Figure 5.1: Chemical structure of the random amino-functionalized copolymers P2a (x/y/z: 
40/10/50) and P2b (x/y/z: 35/15/50) synthesized via Yamamoto (x,y,z represent the feed ratio 
of the initial building blocks in %). 
 
Alternating copolymers were synthesized in Suzuki copolymerizations applying 4,4'-(2,7-
dibromo-9H-fluorene-9,9'-diyl)dianiline, 4,4'-(2,7-dibromo-9H-fluorene-9,9'-diyl)bis(N,Nʹ-di-
phenylaniline), 4-(3,6-dibromo-9H-carbazol-9-yl)aniline and 4-(3,6-dibromo-9H-carbazol-9-
yl)-N,Nʹ-diphenylaniline, each of them in combination with 2,2'-(9,9'-dioctyl-9H-fluorene-2,7-
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diyl)bis(1,3,2-dioxaborinane). The resulting arylamino-functionalized copolymers P3-P6 
(Figure 5.2) revealed blue-light emission and wide optical band-gaps of at least 2.93 eV for 
the fluorene-based (P3, P4) and 3.07 eV for the carbazole-based polymers (P5, P6). Their 
wide band-gaps can make them useful as hosts for low band-gap compounds like CdTe 
nanocrystals, which possess absorption maxima, which overlap with the emission patterns of 
the polymers. Solid-state measurements of the optical properties of polymers, different CdTe 
nanocrystals and their composites revealed an inadequate tendency for energy transfer from 
the polymers to the nanocrystals but simultaneously a potential for tuning the emission color 
of the host-guest system. The appropriate combination of copolymers and CdTe nanocrystals 
rendered the accomplishment of white-light emission possible and in principle the emission 
colors of the host-guest systems could be varied according to the operator’s desire. 
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Figure 5.2: The alternating fluorene- (P3, P4) and carbazole-based (P5, P6) arylamino-
functionalized copolymers synthesized via Suzuki. 
 
 99 
Utilizing either a Yamamoto or a Suzuki protocol, two bromo-functionalized fluorene-based 
copolymers were once more synthesized using this time 2,7-dibromo-9,9'-bis(6-bromohexyl)-
9H-fluorene and 2,7-dibromo-9,9'-dioctyl-9H-fluorene or 2,2'-(9,9'-dioctyl-9H-fluorene-2,7-
diyl)bis(1,3,2-dioxaborinane) as comonomers in a 1:1 stoichiometry for both protocols, 
respectively. These precursor copolymers were subjected to a post-functionalization using 
triethyl phosphite and the final copolymers P7,8b (Figure 5.3) could be processed from polar 
solvents like tetrahydrofuran or dimethylformamide giving them thus the opportunity to 
participate in a precipitation-sonication procedure, whereby water-stable dispersions of 
polymer microparticles (P7b MPs, P8b MPs) were obtained possessing very high quantum 
yields of up to 0.84 (Figure 5.4). The microparticles revealed bright and stable emission with 
colors ranging from blue in the organic solvents to even white emission in water, optical 
properties, which are dependent on the catalysis method applied for the preparation of each 
copolymer. Their size profile was investigated by means of atomic force microscopy and 
complemented by dynamic light scattering. 
 
P P
O O
O
O O
O
y x
P7b P8b
P P
O O
O
O O
O
x
 
 
Figure 5.3: Structural configuration of the phosphonate-functionalized copolymers P7b and 
P8b. 
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Figure 5.4: Schematic representation of the preparation of the polymer microparticles P7b 
MPs and P8b MPs. 
 
The precipitation-sonication method was further extended to the direction of combining the 
copolymers with water-soluble CdTe nanocrystals capped with thioglycolic acid in order to 
create composite systems. The resulting particulate composites exhibited exceptional optical 
properties and long-term stability with emission colors different from the original colors of 
each counterpart, separately. The stability of the composites was tested through centrifugation 
experiments and the subsequent acquired fluorescence spectra of the supernates evidenced the 
composite configuration of the systems. The latter was further supported by DLS 
measurements, which revealed unimodal particle distribution profiles. Investigation of the 
energy transfer feasibility in these composite systems brought into light a dependence of the 
observed energy transfer process on the preparation method of the composite dispersions as in 
sonicated systems contrary to non-sonicated ones a closer coming-together between polymers 
and nanocrystals may take place supporting thus energy transfer. 
 
Towards the synthesis of organic-inorganic composites, 6,6'-(2,7-dibromo-9H-fluorene-9,9'-
diyl)dihexan-1-amine was firstly synthesized and used directly in the synthesis stage of CdSe 
nanocrystals. In this way, monodisperse, crystalline, strongly-emitting CdSe nanocrystals 
surface-modified by amino-fluorene moieties (NC1) have been obtained and could be used as 
starting material in a straight-forward Yamamoto protocol in order to end up with 
oligo(fluorene) capped CdSe nanocrystals (NC2) via a ‘grafting-from’ approach. Combining 
NC1 with 2,7-dibromo-9,9'-dioctyl-9H-fluorene as second comonomer, a longer grafted chain 
at the surface of CdSe nanocrystals was achieved resulting in CdSe NCs surrounded by 
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poly(fluorene) moieties (NC3). Nanocomposites NC1-3 (Figure 5.5) were characterized in 
detail by optical and FT-IR spectroscopy, TEM, AFM, and GPC. Concretely, FT-IR data 
confirmed the linkage of the amine-functionalized fluorene derivative on the surface of the 
CdSe nanocrystals and its intactness under the reaction conditions. The TEM images provided 
through the presence of non-agglomerated CdSe cores in all three nanocomposites a further 
indication for the hybrid nature of the systems. GPC measurements were consistent to 
MALDI-TOFMS findings related to the organic parts of NC2 and NC3. Photoluminescence 
spectroscopy of the three nanocomposites in comparison to reference nanocrystals (CdSeref) 
endcapped with n-hexadecylamine and tetradecylphosphonic acid revealed a quenching of the 
CdSe emission. The effect is ascribed to the charge separation between CdSe nanocrystals and 
fluorene moieties, a process competitive to the energy transfer and facilitated by the direct 
linkage of the two counterparts in the organic-inorganic composites. Charge separation is 
further supported by the significantly faster photoluminescence decay times of the CdSe 
nanocrystals in the composites NC1 and NC3, when compared to the reference CdSe 
nanocrystals, rendering the opto-electronic properties of these composites independent from 
the polymerization conditions. The high control over their properties makes these materials 
suitable candidates for photovoltaic and opto-electronic applications. 
 
 
Figure 5.5: CdSe-fluorene-based nanocomposites NC1-3. 
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6 Experimental Section 
 
6.1 Materials and Instrumentation  
 
Starting materials were purchased from ABCR, Acros, Aldrich, Alfa Aesar, Fluka and Merck 
and were utilized directly without further manipulations. Polymerizations were performed in 
dry solvents under an argon atmosphere. Ultraviolet-visible measurements were performed on 
a Jasco V-550 spectrophotometer, while fluorescence spectroscopic measurements were 
performed on a Cary Eclipse Fluorescence Spectrophotometer by means of 1 cm cuvettes. 
UV-vis and fluorescence of CdTe/HS-C6H4-Br nanocrystals was performed in the Technical 
University of Dresden, Physical Chemistry/Electrochemistry Department using a Cary 50 
spectrophotometer (Varian Inc., Palo Alto, USA) and a FluoroMax-4 spectrofluorometer 
(HORIBA Jobin Yvon Inc., Edison, NJ, USA), correspondingly. For infrared studies a 
JASCO FT/IR-4200 Fourier-Transform-Spectrometer was utilized. Mass spectra were 
obtained using a Bruker micrOTOF instrument equipped with an electrospray ionization 
source (ESI-MS) and a Shimadzu Biotech Axima matrix-assisted laser-desorption/ionization 
time-of-flight mass spectrometer (MALDI-TOFMS). For the electron impact ionization (EI) 
mass spectra, the device MAT 311A from Varian was utilized. MALDI-TOF samples were 
prepared by drop-casting their THF solutions without the addition of a matrix. Gel permeation 
chromatography analysis was carried out on a Jasco AS950 and a Jasco AS2055 apparatus. 
The Jasco AS950 device used Jasco UV-2070, Jasco RI-930 and Viscotek T60 as detectors 
(column MZSD of particle size 5 μm, eluent chloroform) and molecular weights were 
determined based on a calibration of polystyrene standards. The Jasco AS2055 apparatus 
utilized a Jasco UV/VIS-2070/75 and a Jasco RI-2031 detector [GRAM columns, 
dimethylformamide ﴾DMF) as eluent with ammonium hexafluorophosphate 5 mM as salt], 
while for the determination of the molecular weights a calibration based on poly(methyl 
methacrylate) standards was applied. 
1
H- and 
13
C-NMR spectroscopy was carried out on 
Bruker ARX 400 and 600 Fourier Transform Nuclear Resonance Spectrometer using TMS as 
internal standard and CDCl3 as deuterated solvent. Elemental analyses were performed by 
means of the Vario Elemental EL analyzer. Thermal gravimetric analysis was performed 
under argon by means of a Mettler Toledo TGA/DSC 1 model, applying a heating 
correspondingly cooling rate of 10 K/min. Transmission electron microscopy (TEM) was 
performed in the Technical University of Dresden, Physical Chemistry/Electrochemistry 
Department on a EM208 microscope (Philips) and in the Faculty of Engineering and Center 
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for Nanointegration at the University of Duisburg-Essen on a JEOL JEM-1011 electron 
microscope (accelerating voltage of 100 kV). In the case of the EM208 microscope, the 
specimens were prepared by dropping diluted nanocrystal solutions onto copper grids coated 
with a hydrophilic collodion film prepared from collodion solution (Fluka). Atomic force 
microscopy was performed on a Q-Scope
TM
 250 (Quesant Instrument Corporation) and a 
diInnova microscope from Veeco using in both cases the tapping mode. In the first case, a 
scan head was utilized of 1 nm lateral resolution, 9 μm maximal vertical range, 0.1 nm 
vertical resolution and a four-quadrant photodiode. For the Q-Scope device samples were 
drop-casted from THF, water or DMF solutions on glass substrates, while for the diInnova 
instrument the samples were dip-coated on glimmer from chloroform or toluene dispersions 
of 10 mg/mL concentration, after annealing at 180 °C for 4 hours. The silicon cantilevers used 
were between 215-235 μm in length and had a resonance frequency of approximate 84 kHz, 
while the tip height was between 15-20 μm. Time-resolved photoluminescence measurements 
were done with a streak camera (Hahamatsu C5680) combined with the spectrometer 
(Cromex, 40gr/mm grating) and were carried out in the Department for Physics and Center for 
Nanoscience at the Maximilian University of Munich. The frequency doubled output of the 
mode-locked titanium-sapphire laser (150 fs, 100 kHz) was used as an excitation source at 
400 nm. Dynamic light scattering measurements were carried out in the Technical University 
of Dresden, Physical Chemistry/Electrochemistry Department on a Delsa Nano C Particle 
Analyzer of the Beckman Coulter Company by means of the software Delsa Nano Beckman 
Coulter Inc. Centrifugations were conducted on a Biofuge 13 centrifuge of the manufacturer 
Heraeus Sepatech, while for the sonication experiments an ultrasonic bath of the company 
Bandelin Sonorex was utilized. For the purification of the monomers by means of column 
chromatography silica gel of particle size 50-200 mesh was utilized as the stationary phase, 
while thin layer chromatography (TLC) was performed on TLC aluminium sheets bearing a 
0.2 mm silica gel layer with fluorescent indicator. Biobeads used for the fractionation and 
isolation of copolymers and hybrids were purchased from Bio-Rad Laboratories possessing 
spherical beads of 200-400 mesh. 
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6.2 Monomers 
 
6.2.1 2,7-Dibromo-9H-fluorene (1) 
 
BrBr
 
 
 
According to references [1] and [2], a white solid was obtained after recrystallizing from 
ethanol and toluene (3.2 g, 34%). UV-vis: λmax (log ε [L  mol
-1
  cm-1]) 279 nm (4.00), 301 
nm (3.61), 312 nm (3.68). Emission: λmax 328 nm. IR (cm
-1
): 2955 (w, C-H, stretching), 2915 
(m, C-H, stretching), 2847 (w, C-H, stretching), 1451 (m, C-H, scissor), 1397 (w, C-H, 
deformation), 811 (s, aromatic C-H, out-of-plane deformation). GC-MS (m/z): Calcd. 
C13H8Br2 323.9; Found 324. 
1
H-NMR (CDCl3): δ (ppm) = 3.86 (s, 2H, CH2), 7.50 (d, 2H, 
arom.), 7.59 (d, 2H, arom.), 7.66 (d, 2H, arom.). 
13
C-NMR (CDCl3): δ (ppm) = 144.8, 139.7, 
130.2, 128.3, 121.2, 121.0 (arom.), 36.6 ( ). 
 
6.2.2 2,7-Dibromo-9,9'-bis(6-bromohexyl)-9H-fluorene (2) 
 
Br Br
BrBr
 
 
Following references [2-5] a white solid was acquired (6.78 g, 69%). UV-vis: λmax (log ε [L  
mol
-1
  cm-1]) 283 nm (4.47), 316 nm (4.31). Emission: λmax 329 nm. IR (cm
-1
): 2925 (m, 
CH2, stretching), 2850 (m, CH2, stretching), 1568 (w, C=C, stretching), 1460 (m, CH2, 
scissor), 1446 (s, C-H, deformation), 810 (s, aromatic C-H, out-of-plane deformation). ESI-
MS (m/z): Calcd. C25H30AgBr4 758; Found 758.8. 
1
H-NMR (CDCl3): δ (ppm) = 0.56-0.64 (m, 
4H, CH2), 1.04-1.12 (m, 4H, CH2), 1.17-1.24 (m, 4H, CH2), 1.64-1.71 (m, 4H, CH2), 1.91-
1.95 (m, 4H, CH2), 3.29 (t, 4H, CH2-Br), 7.41-7.56 (m, 6H, arom.). 
13
C-NMR (CDCl3): δ 
(ppm) = 152.1, 139.05, 130.06, 126.1, 121.5, 121.1 (arom.), 55.5 ( ), 39.9, 33.7, 32.5, 28.9, 
27.7, 23.4 (aliph.). 
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6.2.3 2,7-Dibromo-9,9'-dioctyl-9H-fluorene (3) 
 
BrBr
 
 
A yellowish solid (2.49 g, 54%) was obtained by following references [2] and [6]. UV-vis: 
λmax (log ε [L  mol
-1
  cm-1]) 283 nm (4.31), 315 nm (4.18). Emission: λmax 328 nm. IR (cm
-
1
): 2947 (m, C-H, stretching), 2911 (s, C-H, stretching), 2847 (m, C-H, stretching), 1565 (w, 
C=C, stretching), 1465 (m, CH2, scissor), 1443 (m, C-H, deformation), 1372 (w, CH3, 
deformation), 1253 (w, C-C, skeletal), 1131 (w, C-C, rocking), 883 (m, aromatic C-H, out-of-
plane deformation), 808 (s, aromatic C-H, out-of-plane deformation). GC-MS (m/z): Calcd. 
C29H40Br2 548; Found 548. 
1
H-NMR (CDCl3): δ (ppm) = 0.61 (s, 4H, CH2), 0.84 (t, 6H, CH3), 
1.06-1.12 (m, 16H, CH2), 1.20-1.24 (t, 4H, CH2), 1.90-1.94 (m, 4H, CH2), 7.46 (m, 4H, 
arom.), 7.50-7.53 (m, 2H, arom.). 
13
C-NMR (CDCl3): δ (ppm) = 152.4, 139.4, 130.5, 126.4, 
121.6, 121.2 (arom.), 55.7 ( ), 40.1, 31.7, 29.8, 29.15, 29.13, 23.6, 22.6, 14.0 (aliph.). 
 
6.2.4 (E)-1,2-Bis(4-bromophenyl)ethene (4) 
 
Br
Br
 
 
A white solid (4.33 g, 48%) was isolated by a synthetic approach described in references [2] 
and [7]. UV-vis: λmax (log ε [L  mol
-1  cm-1]) 308 nm (4.65), 323 nm (4.69). Emission: λmax 
368 nm. IR (cm
-1
): 3100-3000 (s, C-H, stretching). ESI-MS (m/z): Calcd. C14H10Br2 (M+H)
+
 
335.91; Found 336. 
1
H-NMR (CDCl3): δ (ppm) = 7.01 (s, 2H), 7.37 (d, 4H), 7.49 (d, 4H). 
13
C-NMR (CDCl3): δ (ppm) = 135.8, 131.8, 128.1, 127.9, 121.6. 
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6.2.5 6,6'-(2,7-Dibromo-9H-fluorene-9,9'-diyl)bis(N,Nʹ-dipropylhexan-1-amine) 
(5) 
 
N N
BrBr
 
 
By means of literature procedures [2] and [8] a brown solid was acquired (0.26 g, 91%). UV-
vis: λmax (log ε [L  mol
-1  cm-1]) 280 nm (5.74), 310 nm (4.04). Emission: λmax 329 nm. IR 
(cm
-1
): 2922 (m, CH2, stretching), 2855 (m, CH2, stretching), 2506 (w, 
+
HN-C, stretching), 
1447 (s, CH2, deformation), 1249 (m, C-N, stretching), 1055 (s, C-N, stretching), 973 (m, C-
C, skeleton), 818 (s, C-H, out-of-plane deformation). ESI-MS (m/z): Calcd. C37H59Br3N2 
770.2; Found 773.2. 
1
H-NMR (CDCl3): δ (ppm) = 0.67 (s, 4H, CH2), 0.99 (t, 12H, CH3), 1.14 
(m, 8H, CH2), 1.66 (m, 4H, CH2), 1.87 (m, 8H, CH2), 1.96 (m, 4H, CH2), 2.91 (q, 12H, N-
CH2), 7.46-7.49 (d, 4H, arom.), 7.55-7.57 (d, 2H, arom.). 
13
C-NMR (CDCl3): δ (ppm) = 
151.9, 139.0, 130.4, 126.0, 121.5, 121.3 (arom.), 55.4 ( ), 54.0 (C-N), 52.3 (C-N), 39.7, 28.9, 
26.2, 23.2, 22.9, 16.8, 11.2 (aliph.). 
 
6.2.6 2,7-Dibromo-9H-fluoren-9-one (6) 
 
BrBr
O  
 
2,7-Dibromo-9H-fluoren-9-one was obtained as a yellow solid (24.77 g, 76%) from 9H-
fluoren-9-one (38.99 g, 17.40 mmol) by addition of bromine (2 mL, 38.99 mmol) in 
water.[9,10] UV-vis: λmax (log ε [L  mol
-1  cm-1]) 299 nm (2.59), 311 nm (2.50). Emission: 
λmax 387 nm, 399 nm. IR (cm
-1
): 3407 (w, C=O, stretching), 3080 (w, C-H, stretching), 3055 
(w, C-H, stretching), 1720 (s, C=O, stretching), 1051 (m, C-Br, stretching). GC-MS (m/z): 
Calcd. C13H6Br2O 337.9; Found 338. 
1
H-NMR (CDCl3): δ = 7.40 (d, 2H), 7.65 (dd, 2H), 7.79 
(d, 2H). 
13
C-NMR (CDCl3): δ = 190.8, 142.2, 137.4, 135.3, 127.8, 123.3, 121.8. Anal. Calcd. 
for C13H6Br2O: C, 46.20; H, 1.79. Found: C, 46.42; H, 2.79.  
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6.2.7 4,4'-(2,7-Dibromo-9H-fluorene-9,9'-diyl)dianiline (7) 
 
BrBr
H2N NH2  
 
4,4'-(2,7-Dibromo-9H-fluorene-9,9'-diyl)dianiline was prepared from 2,7-dibromo-9H-
fluoren-9-one (4.2 g, 12.4 mmol), aniline hydrochloride (2 g, 15.3 mmol) and aniline (10 mL, 
109 mmol) following literature approaches.[10,11] The product 7 was isolated after column 
chromatography (n-hexane/ethyl acetate 4:1) as a grey solid (4.30 g, 70%). UV-vis: λmax (log ε 
[L  mol-1  cm-1]) 293 nm (6.20), 319 nm (6.18). Emission: λmax 335 nm. IR (cm
-1
): 3457-
3339 (w, N-H, stretching), 3030 (w, C-H, stretching), 1616 (s, N-C, deformation), 1049 (s, C-
Br, skeleton). ESI-MS (m/z): Calcd. C25H18Br2N2 506.2; Found 507. 
1
H-NMR (CDCl3): δ 
(ppm) = 3.64 (s, 4H, NH2), 6.58 (d, 4H, arom.), 6.96 (d, 4H, arom.), 7.47 (dd, 2H, arom.), 
7.49 (d, 2H, arom.), 7.57 (d, 2H, arom.). 
13
C-NMR (CDCl3): δ (ppm) = 154.1, 145.3, 137.8, 
134.4, 130.5, 129.2, 128.9, 121.7, 121.4, 115.0 (arom.), 64.4 ( ). Anal. Calcd. for 
C25H18Br2N2: C, 59.31; H, 3.58; N, 5.53. Found: C, 59.32; H, 3.53; N, 5.52.  
6.2.8 4,4'-(2,7-Dibromo-9H-fluorene-9,9'-diyl)bis(N,Nʹ-diphenylaniline) (8) 
 
BrBr
N N
 
 
The compound was prepared from 2,7-dibromo-9H-fluoren-9-one (2.46 g, 7.28 mmol), 
triphenylamine (25 g, 102 mmol) and methane sulfonic acid (1.4 g, 14.56 mmol) according to 
references [10] and [12]. Compound 8 was isolated as a white solid (4.8 g, 81%). UV-vis: λmax 
(log ε [L  mol-1  cm-1]) 295 nm (3.19), 308 nm (3.23). Emission: λmax 388 nm, 399 nm. IR 
(cm
-1
): 3030 (w, C-H, stretching), 1270 (s, C-N, stretching). ESI-MS (m/z): Calcd. 
C49H34Br2N2 810.1; Found 810.6. 
1
H-NMR (CDCl3): δ (ppm) = 6.95 (d, 4H), 7.01-7.06 (m, 
4H), 7.11 (dd, 8H), 7.24-7.30 (m, 12H), 7.51 (dd, 2H), 7.56 (d, 2H), 7.60 (d, 2H). 
13
C-NMR 
(CDCl3): δ (ppm) = 153.4, 147.5, 146.7, 137.9, 137.6, 130.8, 129.3, 129.2, 129.1, 128.6, 
124.6, 124.4, 123.0, 122.9, 122.8, 122.7, 121.7, 121.5 (arom.), 64.6 ( ). Anal. Calcd. for 
C49H34Br2N2: C, 72.60; H, 4.23; N, 3.46. Found: C, 72.28; H, 3.95; N, 3.23.  
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6.2.9 3,6-Dibromo-9-(4-nitrophenyl)-9H-carbazole (9) 
 
N
NO2
BrBr
 
3,6-Dibromo-9-(4-nitrophenyl)-9H-carbazole (yellow crystals, 4.3 g, 76%) was prepared from 
3,6-dibromo-9H-carbazole (4.09 g, 12.6 mmol), potassium carbonate (8.71 g, 62.02 mmol) 
and 1-fluoro-4-nitrobenzene (7.11 g, 50.42 mmol) in DMF (80 mL) following approaches 
cited in the literature.[10,13,14] UV-vis: λmax (log ε [L  mol
-1  cm-1]) 374 nm (2.44). 
Emission: λmax 388 nm, 398 nm. IR (cm
-1
): 1498 (s, N=O, asymmetric stretching), 1325 (s, 
N=O, symmetric stretching), 1054 (m, C-Br, skeleton). ESI-MS (m/z): Calcd. C18H10Br2N2O2 
446.1; Found 446. 
1
H-NMR (CDCl3): δ (ppm) = 7.33 (d, 2H), 7.56 (d, 2H), 7.74 (d, 2H), 8.21 
(s, 2H), 8.50 (d, 2H). 
13
C-NMR (CDCl3): δ (ppm) = 146.4, 142.8, 138.9, 129.9, 126.8, 125.7, 
124.7, 123.6, 114.3, 111.2. Anal. Calcd. for C18H10Br2N2O2: C, 48.46; H, 2.26; N, 6.28. 
Found: C, 48.41; H, 1.46; N, 6.29. 
6.2.10 4-(3,6-Dibromo-9H-carbazol-9-yl)aniline (10) 
 
N
NH2
BrBr
 
 
Addition of tin(II) chloride (3.16 g, 14.01 mmol) in a 3,6-dibromo-9-(4-nitrophenyl)-9H-
carbazole (1.25 g, 2.80 mmol) ethanol solution gave the desired product.[10,13,14] After 
recrystallization from toluene white crystals of compound 10 were obtained (1.02 g, 87%). 
UV-vis: λmax (log ε [L  mol
-1
  cm-1]) 346 nm (2.04), 358 nm (2.05). Emission: λmax 387 nm, 
398 nm. IR (cm
-1
): 3443-3357 (m, N-H, stretching), 3048 (m, C-H, stretching), 1619 (s, C-N, 
deformation), 1271 (s, C-N, stretching), 1051 (m, C-Br, skeleton). ESI-MS (m/z): Calcd. 
C18H12Br2N2 416.1; Found 416. 
1
H-NMR (CDCl3): δ (ppm) = 6.88 (d, 2H), 7.17-7.29 (m, 
4H), 7.50 (dd, 2H), 8.20 (d, 2H). 
13
C-NMR (CDCl3): δ (ppm) = 146.4, 140.4, 129.1, 128.3, 
127.0, 123.5, 123.0, 115.9, 112.5, 111.5. Anal. Calcd. for C18H10Br2N2: C, 51.96; H, 2.91; N, 
6.73. Found: C, 52; H, 2.55; N, 6.73. 
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6.2.11 4-Iodo-N,Nʹ-diphenylaniline (11) 
 
N
I
 
 
4-Iodo-N,Nʹ-diphenylaniline was obtained as a white solid (2.2 g, 42%) from 1,4-
diiodobenzene (8.8 g, 26 mmol), diphenylamine (2.4 g, 14.10 mmol), copper(II) sulfate 
(0.176 g, 0.705 mmol) and potassium carbonate (1.95 g, 14.1 mmol) and the synthesis was 
proceeded according to references [10] and [15]. UV-vis: λmax (log ε [L  mol
-1  cm-1]) 307 
nm (2.72). Emission: λmax 387 nm, 398 nm. IR (cm
-1
): 3059 (w, C-H, stretching), 3030 (w, C-
H, stretching), 1583 (s, C=C, stretching), 1060 (s, C-I, skeleton). GC-MS (m/z): Calcd. 
C18H14NI 371.21; Found 371. 
1
H-NMR (CDCl3): δ (ppm) = 6.86 (d, 2H), 7.07 (dd, 2H), 7.11 
(dd, 4H), 7.29 (dd, 4H), 7.53 (d, 2H). 
13
C-NMR (CDCl3): δ (ppm) = 147.7, 147.2, 138.0, 
129.3, 125.2, 124.5, 123.3 (arom.), 84.7 (C-I). Anal. Calcd. for C18H14NI: C, 58.24; H, 3.80; 
N, 3.77. Found: C, 58.67; H, 3.13; N, 3.81.  
6.2.12 4-(3,6-Dibromo-9H-carbazol-9-yl)-N,Nʹ-diphenylaniline (12) 
 
N
N
BrBr
 
 
4-(3,6-Dibromo-9H-carbazol-9-yl)-N,Nʹ-diphenylaniline was obtained from 4-iodo-N,Nʹ-
diphenylaniline (0.557 g, 1.50 mmol), 3,6-dibromo-9H-carbazole (0.4 g, 1.23 mmol), 
copper(I) iodide (0.05 g, 0.263 mmol), [18]-crown-6 (0.03 g, 0.114 mmol) and potassium 
carbonate (0.8 g, 5.80 mmol) in 5 mL DMSO.[10,16] Purification by column chromatography 
(petrol ether/ethyl acetate 15:1) gave a white solid of compound 12 as isolated product (0.402 
g, 57%). UV-vis: λmax (log ε [L  mol
-1  cm-1]) 305 nm (3.00). Emission: λmax 387 nm, 399 
nm. IR (cm
-1
): 3055 (w, C-H, stretching), 3038 (w, C-H, stretching), 1585 (s, C=C, 
stretching), 1054 (s, C-Br, skeleton). ESI-MS (m/z): Calcd. C30H20Br2N2 568.3; Found 568. 
1
H-NMR (CDCl3): δ (ppm) = 7.13 (t, 2H), 7.23-7.27 (m, 14H), 7.53 (dd, 2H), 8.21 (d, 2H). 
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13
C-NMR (CDCl3): δ (ppm) = 147.7, 147.3, 140.1, 130.0, 129.5, 127.6, 125.0, 123.8, 123.7, 
123.5, 123.1, 112.8, 111.6. Anal. Calcd. for C30H20Br2N2: C, 63.40; H, 3.55; N, 4.93. Found: 
C, 63.21; H, 3.38; N, 4.87.  
 
6.2.13 2,2'-(6,6'-(2,7-Dibromo-9H-fluorene-9,9'-diyl)bis(hexane-6,1-diyl))diisoind-
oline-1,3-dione (13) 
 
N N
BrBr
O
O O
O
 
 
Compound 13 was obtained from 2,7-dibromo-9,9'-bis(6-bromohexyl)-9H-fluorene (1 g, 1.54 
mmol) and potassium phthalimide (1.426 g, 7.7 mmol) in 30 mL DMF.[4,17] The resulting 
yellowish oil was purified by column chromatography (silica, n-hexane/ethyl acetate 3:1) 
yielding a white solid (0.74 g, 62%). UV-vis: λmax (log ε [L  mol
-1  cm-1]) 283 nm (4.55), 
313 nm (4.36). Emission: λmax 328 nm. IR (cm
-1
): 2920 (m, CH2, stretching), 2854 (m, CH2, 
stretching), 1700 (s, C=O, stretching), 1400 (m, C-H, deformation), 1050 (m, C-N, 
stretching), 720 (s, C-C, skeleton). ESI-MS (m/z): Calcd. C41H38Br2N2O4 (M+H)
+2
 392.3; 
Found 393. 
1
H-NMR (CDCl3): δ (ppm) = 0.56-0.59 (m, 4H, CH2), 0.84-0.91 (m, 4H, CH2), 
1.22-1.29 (m, 4H, CH2), 1.48-1.54 (m, 4H, CH2), 1.87-1.91 (m, 4H, CH2), 3.55-3.58 (t, 4H, 
N-CH2), 7.41-7.51 (m, 6H, arom.), 7.66-7.83 (m, 6H, arom.). 
13
C-NMR (CDCl3): δ (ppm) = 
168.3 (C=O), 157.7, 152.2, 139.0, 133.7, 132.1, 130.2, 126.1, 123.1, 121.5, 121.2 (arom.), 
55.5 ( ), 40.0, 37.8, 31.8, 29.4, 28.4, 26.4, 23.5, 20.9 (aliph.). Anal. Calcd. for 
C41H38Br2N2O4: C, 62.93; H, 4.89; N, 3.58. Found: C, 62.98; H, 4.77; N 3.24. 
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6.2.14 2,7-Dibromo-9,9'-bis(6-aminohexyl)-9H-fluorene (14) 
 
H2N NH2
BrBr
 
 
2,2'-(6,6'-(2,7-Dibromo-9H-fluorene-9,9'-diyl)bis(hexane-6,1-diyl))diisoindoline-1,3-dione 
(0.74 g, 0.95 mmol) was dissolved in 99.8% pure ethanol (30 mL) and hydrazine 
monohydrate (0.2 mL, 4.13 mmol) was added.[4,17] Compound 14 was isolated as a 
brownish solid (0.39 g, 49%). UV-vis: λmax (log ε [L  mol
-1  cm-1]) 283 nm (3.78), 313 nm 
(3.52). Emission: λmax 324 nm. IR (cm
-1
): 3352 (w, N-H, stretching), 2920 (s, CH2, 
stretching), 2850 (s, CH2, stretching), 1568 (m, N-H, scissoring), 1448 (s, C-H, deformation), 
1056 (m, C-N, stretching), 1003 (m, C-C, skeleton), 808 (s, N-H, out-of-plane bending), 724 
(m, C-C, skeleton). ESI-MS (m/z): Calcd. C25H34Br2N2 (M+H)
+
 523.1; Found 523.1. 
1
H-NMR 
(CDCl3): δ (ppm) = 0.56-0.63 (m, 4H, CH2), 0.83-0.89 (m, 4H, CH2), 1.07 (t, 4H, CH2), 1.25 
(m, 4H, CH2), 1.89-1.93 (m, 4H, CH2), 2.55 (t, 4H, N-CH2), 7.43-7.52 (m, 6H, arom.). 
13
C-
NMR (CDCl3): δ (ppm) = 152.4, 139.0, 130.2, 127.2, 126.1, 121.1 (arom.), 55.6 ( ), 42.1, 
40.0, 33.6, 29.6, 26.4, 23.6 (aliph.). Anal. Calcd. for C25H34Br2N2: C, 57.48; H, 6.56; N, 5.36. 
Found: C, 57.49; H, 7.14; N, 4.48.  
 
6.2.15 Tetraethyl-6,6'-(2,7-dibromo-9H-fluorene-9,9'-diyl)bis(hexane-6,1-
diyl)diphosphonate (15) 
 
P P
O O
O
O O
O
BrBr
 
 
The compound was synthesized according to the literature approaches [5] and [18] and was 
prepared from 2,7-dibromo-9,9'-bis(6-bromohexyl)-9H-fluorene (2 g, 4.098 mmol) upon 
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reflux overnight in 5 mL of triethyl phosphite. Excess of triethyl phosphite was removed by 
batch distillation and the crude product was purified by column chromatography (ethyl 
acetate) yielding a colorless liquid (2.53 g, 81%). UV-vis: λmax (log ε [L  mol
-1  cm-1]) 283 
nm (4.49), 304 nm (4.21), 316 nm (4.33). Emission: λmax 328 nm. IR (cm
-1
): 3461 (w, P=O, 
stretching overtone), 2980 (w, CH2, stretching), 2930 (m, CH2, stretching), 2855 (w, CH2, 
stretching), 1648 (w, C=C, stretching), 1569 (w, C=C, stretching), 1451 (m, CH3, 
deformation), 1393 (m, O-CH2, wagging), 1232 (s, P=O, stretching), 1024 (s, P-O/=C-H, 
stretching/in-plane deformation), 951 (s, P-O/=C-H, bending/out-of-plane deformation). GC-
MS (m/z): Calcd. C22H28Br2NO3P: 545.24; Found 545.03. 
1
H-NMR (CDCl3): δ (ppm) = 0.48-
0.51 (m, 4H, CH2), 0.98-1.01 (m, 4H, CH2), 1.04-1.08 (m, 4H, CH2), 1.20-1.22 (m, 6H, CH3), 
1.34-1.35 (m, 4H, CH2), 1.50-1.56 (m, 4H, CH2P=O), 1.82-1.85 (m, 4H, Ar-CH2), 3.95-3.99 
(m, 8H, O-CH2), 7.34-7.35 (d, 2H, arom.), 7.38-7.39 (m, 2H, arom.), 7.44-7.45 (d, 2H, arom.). 
13
C-NMR (CDCl3): δ (ppm) = 152.2, 139.0, 130.2, 126.0, 121.5, 121.2 (arom.), 61.3 (CH2-O), 
55.5 ( ), 40.1, 30.2 (CH2-P), 30.1, 29.3, 25.9, 25.0, 16.4 (aliph.). 
31
P-NMR (CDCl3): δ (ppm) 
= 32.41. Anal. Calcd. for C33H50Br2O6P2: C, 51.84; H, 6.59. Found: C, 51.93; H, 6.63. 
 
6.3 Copolymers 
 
6.3.1 Random Poly(fluorene)s Containing Bromo-Functional Side-Chains P1a & 
P1b 
 
 
 
Br Br
x y
z
 
 
P1a/P1b [2,19] 
 
 
 Feed Ratio (%) 
Polymer x y z 
P1a 40 10 50 
P1b 35 15 50 
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General Procedure for the Synthesis of P1a and P1b 
 
Compounds 2, 3, and 4, Ni(COD)2, 2,2'-bipyridine and 1,5-cyclooctadiene (COD) were added 
in a Schlenk tube. Subsequently, THF (20 mL) was added and the reaction system was 
allowed to stir for 3 days at 80 °C. 3 Hours before stopping the reaction, 0.05 mL of 
bromobenzene were added and after cooling down to room temperature the reaction solution 
was extracted with chloroform and washed with 2 N HCl (2  100 mL), saturated NaHCO3 
solution (1  100 mL) and water (2  100 mL). The organic phase was dried over Na2SO4 and 
the solvent removed under reduced pressure. The residue was dissolved in chloroform (1-2 
mL), precipitated from methanol (300 mL) and the yellow solid further extracted with 
ethanol. 
 
P1a: 2 (0.049 g, 0.077 mmol), 3 (0.168 g, 0.307 mmol), 4 (0.13 g, 0.384 mmol), Ni(COD)2 
(0.506 g, 1.84 mmol), 2,2'-bipyridine (0.263 g, 1.68 mmol) and 1,5-cyclooctadiene (0.181 g, 
1.68 mmol). P1a was obtained as a yellow solid (107 mg, 31%). UV-vis: λmax (log ε [L  mol
-
1
  cm-1]) 382 nm (5.86). Emission: λmax 432 nm, 455 nm. IR (cm
-1
): 2926 (s, CH2, 
stretching), 2847 (m, CH2, stretching), 1459 (m, C-H, deformation), 1256 (m, C-C, skeletal), 
1056 (m, =C-H, in-plane deformation), 810 (s, =C-H, out-of-plane deformation), 739 (m, C-
Br, stretching). GPC (g/mol): Mn = 7450, Mw = 18600, PDI 2.49. 
1
H-NMR (CDCl3): δ (ppm) 
= 0.84 (dist. t, CH3), 1.15-1.28 (m, CH2, aliph.), 2.13 (s, CH2, aliph.), 3.31 (s, CH2-Br), 7.68-
7.85 (d, arom.). Anal. Calcd. for (C29H40)x(C25H30 Br2)y(C14H10)z: C, 89.14; H, 7.58; Br, 3.26. 
Found: C, 78.36; H, 8.43.  
P1b: 2 (0.074 g, 0.114 mmol), 3 (0.147 g, 0.268 mmol), 4 (0.13 g, 0.384 mmol). Yellow solid 
(104 mg, 30%). UV-vis: λmax (log ε [L  mol
-1
  cm-1]) 389 nm (5.80). Emission: λmax 435 
nm, 458 nm. IR (cm
-1
): 2918 (m, CH2, stretching), 2851 (m, CH2, stretching), 1453 (m, C-H, 
deformation), 1252 (m, C-C, skeletal), 1021 (m, =C-H, in-plane deformation), 956 (w, =C-H, 
in-plane deformation), 807 (s, =C-H, out-of-plane deformation), 731 (m, C-Br, stretching). 
GPC (g/mol): Mn = 6600, Mw = 18100, PDI 2.75. 
1
H-NMR (CDCl3): δ (ppm) = 0.84 (t, CH3), 
1.14-1.22 (m, CH2, aliph.), 1.55 (s, CH2, aliph.), 2.13 (s, CH2, aliph.), 3.31 (s, CH2-Br), 7.68-
7.84 (m, arom.). Anal. Calcd. for (C29H40)x(C25H30Br2)y(C14H10)z: C, 87.72; H, 7.38; Br, 4.88. 
 Found: C, 79.87; H, 6.47. 
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6.3.2 Random Poly(fluorene)s Containing Amino-Functional Side-Chains P2a & 
P2b 
 
 
N N
x y
z
 
 
P2a/P2b[2,8,20] 
 
General Procedure for the Synthesis of P2a and P2b 
 
Copolymers P1a/P1b were dissolved in a DMF/THF 1:1 mixture (15 mL each) and excess of 
di-n-propylamine was added. The system was vigorously stirred for 6 days at 85 °C. Solvent 
was removed by batch distillation and the residue dissolved in CHCl3 (1 mL) and precipitated 
from acetone (300 mL). 
 
P2a: Polymer P1a (59 mg), di-n-propylamine (0.8 mL). P2a was obtained as a brown solid 
(23 mg, 39%). UV-vis: λmax (log ε [L  mol
-1
  cm-1]) 388 nm (5.39). Emission: λmax 434 nm, 
456 nm. IR (cm
-1
): 2972 (s, CH2, stretching), 2919 (s, CH2, stretching), 2050 and 1999 (w, N-
H
+
, stretching), 1461 (m, C-H, deformation), 1386 (m, C-C, skeletal), 1163 (w, C-N, 
stretching), 955 (w, =C-H, in-plane deformation), 808 (m, =C-H, out-of-plane deformation), 
711 (m, C-C, skeletal). GPC (g/mol): Mn = 3780, Mw = 8620, PDI 2.28. 
1
H-NMR (CDCl3): δ 
(ppm) = 0.84 (dist. t, CH3), 0.91 (t, CH3-(CH2)2-N, aliph.), 1.14-1.28 (m, CH2, aliph.), 1.62 (s, 
CH2, aliph.), 2.12 (s, CH2, aliph.), 7.73-7.86 (d, arom.). Anal. Calcd. for 
(C29H40)x(C37H59N2)y(C14H10)z: C, 91.35; H, 7.08; N, 0.52. Found: C, 83.95; H, 9.67; N, 0.56.  
 
P2b: Polymer P1b (60 mg), di-n-propylamine (0.9 mL). P2b appeared as a yellow solid (18 
mg, 30%). UV-vis: λmax (log ε [L  mol
-1
  cm-1]) 388 nm (5.37). Emission: λmax 434 nm, 458 
nm. IR (cm
-1
): 2919 (s, CH2, stretching), 2843 (m, CH2, stretching), 2348 (w, N-H
+
, 
stretching), 1454 (s, C-H, deformation), 1249 (w, C-C, skeletal), 1075 (w, C-N, stretching), 
1005 (w, =C-H, in-plane deformation), 966 (m, =C-H, in-plane deformation), 818 (s, =C-H, 
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out-of-plane deformation). GPC (g/mol): Mn = 4810, Mw = 9150, PDI 1.90. 
1
H-NMR 
(CDCl3): δ (ppm) = 0.84 (dist. t, CH3), 0.91 (t, CH3-(CH2)2-N), 1.14-1.28 (m, CH2, aliph.), 
1.63 (s, CH2, aliph.), 2.12 (s, CH2, aliph.), 7.68-7.86 (m, arom.). Anal. Calcd. for 
(C29H40)x(C37H59N2)y(C14H10)z: C, 91.03; H, 8.14; N 0.81. Found: C, 83.34; H, 8.92; N, 0.70. 
 
6.3.3 Alternating Poly(fluorene)s Containing Amino-Functional Side-Chains P3 
& P4 
x
H2N NH2
y
N N
 
   
P3[10,12,21]     P4[10,12,21] 
 
General Procedure for the Synthesis of P3 and P4 
 
Copolymers P3 and P4 were synthesized by adding comonomers 7 or 8 together with 2,2'-
(9,9'-dioctyl-9H-fluorene-2,7-diyl)bis(1,3,2-dioxaborinane) and Pd(PPh3)4 in a Schlenk tube. 
Subsequently, freeze-pump degassed toluene (3 mL) and Na2CO3 solution (1 mL) were added 
and the reaction system was allowed to stir for 3 days at 120 °C. After cooling down to room 
temperature, the reaction solution was extracted with chloroform and washed with saturated 
NaEDTA solution (1  50 mL), brine (1  100 mL) and water (1  50 mL). The organic phase 
was dried over MgSO4 and the solvent removed under reduced pressure. The residue was 
dissolved in chloroform (1-2 mL) and precipitated from methanol. The polymers were further 
purified by Soxhlet extraction using isopropanol or chloroform as a solvent and once more 
polymer P3 was precipitated from methanol-ethyl acetate and methanol-THF mixtures (400 
mL), while polymer P4 was precipitated from acetone (400 mL). 
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P3: 7 (0.0254 g, 0.5 mmol), 2,2'-(9,9'-dioctyl-9H-fluorene-2,7-diyl)bis(1,3,2-dioxaborinane) 
(0.28 g, 0.5 mmol), Pd(PPh3)4 (0.05 g, 0.043 mmol). P3 was precipitated from methanol, 
Soxhlet extracted with isopropanol and chloroform, while the chloroform fraction was 
precipitated from a 1:1 (v:v) methanol/ethyl acetate and 3:1 (v:v) methanol/THF mixture 
yielding a yellow solid (99 mg, 30%). UV-vis: λmax (log ε [L  mol
-1  cm-1]) 385 nm (6.28). 
Emission: λmax 418 nm. IR (cm
-1
): 2919 (s, CH2, stretching), 2847 (m, CH2, stretching), 1616 
(m, C=C, stretching), 1511 (s, =CH, stretching), 1461 (m, C-H, deformation), 1278 (m, C-C, 
skeletal vibration), 1185 (m, C-N, stretching), 815 (s, =C-H, out-of-plane deformation). GPC 
(g/mol): Mn = 5660, Mw = 17300, PDI 3.06. 
1
H-NMR (CDCl3): δ (ppm) = 0.78 (b, 6H, CH3), 
0.9-1.3 (b, 20H, aliph.), 1.99 (b, 4H, aliph.), 3.62 (s, 4H, NH2), 6.58 (m, 8H, arom.), 7-7.9 (m, 
12H, arom.). Anal. Calcd. for (C56H64N2)x: C, 87.91; H, 8.43; N, 3.66. Found: C, 87.99; H, 
8.74; N, 3.35. TGA: Td5%: 420 °C. 
 
P4: 8 (0.406 g, 0.5 mmol), 2,2'-(9,9'-dioctyl-9H-fluorene-2,7-diyl)bis(1,3,2-dioxaborinane) 
(0.28 g, 0.5 mmol), Pd(PPh3)4 (0.05 g, 0.043 mmol). P4 was precipitated from methanol, 
Soxhlet extracted with isopropanol-chloroform mixture, while the chloroform fraction was 
once more precipitated from acetone. A yellow solid was obtained (171 mg, 33%). UV-vis: 
λmax (log ε [L  mol
-1
  cm-1]) 381 nm (6.34). Emission: λmax 416 nm. IR (cm
-1
): 2919 (m, 
CH2, stretching), 2847 (w, CH2, stretching), 1587 (m, C=C, stretching), 1490 (s, =CH, 
stretching), 1447 (m, C-H, deformation), 1271 (s, =CH, in-plane deformation), 1178 (w, C-N, 
stretching), 1024 (w, =C-H, in-plane deformation), 808 (s, =C-H, out-of-plane deformation), 
747 (m, C-C, skeleton). GPC (g/mol): Mn = 5520, Mw = 12900, PDI 2.47. 
1
H-NMR (CDCl3): 
δ (ppm) = 0.9 (b, 6H, CH3), 1.02-1.30 (m, 16H, aliph.), 1.96 (b, 4H, aliph.), 2.06 (b, 4H, 
aliph.), 6.93-7.27 (m, 28H, arom.), 7.50-7.95 (m, 12H, arom.). Anal. Calcd. for (C80H80N2)x: 
C, 89.84; H, 7.54; N, 2.62. Found: C, 88.92; H, 6.84; N, 2.55. TGA: Td5%: 440 °C. DSC: Tg: 
150 °C. 
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6.3.4 Alternating Poly(carbazole)s Containing Amino-Functional Side-Chains 
P5 & P6 
 
n
N
NH2
m
N
N
 
P5[10,12,21]      P6[10,12,21] 
 
General Procedure for the Synthesis of P5 and P6 
 
Copolymers P5 and P6 were synthesized by adding comonomers 10 or 12 together with 2,2'-
(9,9'-dioctyl-9H-fluorene-2,7-diyl)bis(1,3,2-dioxaborinane) and Pd(PPh3)4 in a Schlenk tube. 
Subsequently, freeze-pump degassed toluene (3 mL) and Na2CO3 solution (1 mL) were added 
and the reaction system was allowed to stir for 3 days at 120 °C. After cooling down to room 
temperature, the reaction solution was extracted with chloroform and washed with saturated 
NaEDTA solution (1  50 mL), brine (1  100 mL) and water (1  50 mL). The organic phase 
was dried over MgSO4 and the solvent removed under reduced pressure. The residue was 
dissolved in chloroform (1-2 mL) and precipitated from methanol. The polymers were further 
purified by Soxhlet extraction using isopropanol or chloroform as a solvent and once more 
polymer P5 was precipitated from methanol-ethyl acetate and methanol-THF mixtures (400 
mL), while polymer P6 was precipitated from acetone (400 mL). 
 
P5: 10 (0.209 g, 0.5 mmol), 2,2'-(9,9'-dioctyl-9H-fluorene-2,7-diyl)bis(1,3,2-dioxaborinane) 
(0.28 g, 0.5 mmol), Pd(PPh3)4 (0.05 g, 0.043 mmol). P5 was precipitated from methanol, 
Soxhlet extracted with isopropanol-chloroform mixture, while the chloroform fraction was 
once more precipitated from a 1:1 (v:v) methanol/ethyl acetate and a 3:1 (v:v) methanol/THF 
mixture. A yellow solid was obtained (109 mg, 34%). UV-vis: λmax (log ε [L  mol
-1
  cm-1]) 
343 nm (6.68). Emission: λmax 401 nm. IR (cm
-1
): 2969 (w, CH2, stretching), 2922 (m, CH2, 
stretching), 2855 (w, CH2, stretching), 2359 (s, N-H, stretching), 1619 (m, C=C, stretching), 
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1511 (s, =CH, stretching), 1454 (s, C-H, deformation), 1274 (m, C-C, skeletal), 1174 (m, C-
N, stretching), 1131 (w, =CH, in-plane deformation), 955 (w, =C-H, in-plane deformation), 
801 (s, =C-H, out-of-plane deformation). GPC (g/mol): Mn = 2890, Mw = 5340, PDI 1.85. 
1
H-
NMR (CDCl3): δ (ppm) = 0.8 (b, 6H, CH3), 1.0-1.30 (m, 24H, aliph.), 2.12 (b, 4H, aliph.), 
3.94 (dist. s, 2H, NH2), 6.95 (s, 4H, arom.), 7.3-7.9 (m, 10H, arom.), 8.55 (m, 2H, arom.). 
Anal. Calcd. for (C47H52N2)x: C, 87.26; H, 8.41; N, 4.33. Found: C, 85.44; H, 6.98; N, 3.87. 
TGA: Td5%: 420 °C. DSC: Tg: 152 °C. 
 
P6: 12 (0.285 g, 0.5 mmol), 2,2'-(9,9'-dioctyl-9H-fluorene-2,7-diyl)bis(1,3,2-dioxaborinane) 
(0.28 g, 0.5 mmol), Pd(PPh3)4 (0.05 g, 0.043 mmol). P6 was precipitated from methanol, 
Soxhlet extracted with isopropanol-chloroform mixture, while the chloroform fraction was 
once more precipitated from acetone. A yellow solid was obtained (143 mg, 36%). UV-vis: 
λmax (log ε [L  mol
-1
  cm-1]) 341 nm (6.10). Emission: λmax 404 nm. IR (cm
-1
): 2980 (m, 
CH2, stretching), 2915 (m, CH2, stretching), 1587 (m, C=C, stretching), 1501 (s, =CH, 
stretching), 1457 (m, C-H, deformation), 1274 (m, C-C, skeletal), 1178 (m, C-N, stretching), 
808 (s, =C-H, out-of-plane deformation). GPC (g/mol): Mn = 2920, Mw = 5290, PDI 1.81. 
1
H-
NMR (CDCl3): δ (ppm) = 0.8 (b, 6H, CH3), 1.0-1.50 (m, 24H, aliph.), 2.16 (b, 4H, aliph.), 
7.31-7.90 (m, 24H, arom.), 8.55 (m, 2H, arom.). Anal. Calcd. for (C59H60N2)x: C, 88.67; H, 
7.82; N, 3.51. Found: C, 85.60; H, 4.47; N, 3.09. TGA: Td5%: 420 °C. DSC: Tg: 128 °C. 
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6.3.5 Random and Alternating Poly(fluorene)s Containing Bromo-Functional 
Side-Chains P7a & P8a 
 
Br Br
x y
 
P7a[5,19] 
 
Synthetic Procedure 
 
2, 3, Ni(COD)2, 2,2'-bipyridine and 1,5-cyclooctadiene were added together in a Schlenk tube. 
Subsequently, THF (10 mL) was added to the reaction system and stirring was allowed for 3 
days at 80 °C. 3 Hours before stopping the reaction, 0.05 mL of bromobenzene were added 
and after cooling down to room temperature the reaction solution was taken with chloroform 
and washed with 2 N HCl (2  100 mL), saturated NaHCO3 solution (1  100 mL) and water 
(2  100 mL). The organic phase was dried over Na2SO4 and the solvent removed under 
reduced pressure. The residue was dissolved in chloroform (1-2 mL), precipitated from 
methanol (300 mL) and the yellow solid further extracted with ethanol, isopropanol and 
chloroform. The chloroform fraction was concentrated under vacuum and precipitated from 
acetone.  
 
P7a: 2 (0.15 g, 0.265 mmol), 3 (0.175 g, 0.265 mmol), Ni(COD)2 (0.355 g, 1.3 mmol), 2,2'-
bipyridine (0.185 g, 1.15 mmol) and 1,5-cyclooctadiene (0.123 g, 1.15 mmol). P7a was 
obtained yielding a yellow solid (118 mg, 36%). UV-vis: λmax (log ε [L  mol
-1
  cm-1]) 382 
nm (5.44). Emission: λmax 418 nm, 439 nm. IR (cm
-1
): 2922 (s, CH2, stretching), 2851 (m, 
CH2, stretching), 1453 (m, C-H, deformation), 1252 (w, C-C, skeletal), 1096 (w, =C-H, in-
plane deformation), 882 (w, =C-H, out-of-plane deformation), 813 (s, =C-H, out-of-plane 
deformation). GPC (g/mol): Mn = 5500, Mw = 6700, PDI 1.22. 
1
H-NMR (CDCl3): δ (ppm) = 
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0.84 (t, CH3), 1.17 (s, CH2, aliph.), 1.55 (s, CH2, aliph.), 1.73 (s, CH2, aliph.), 2.16 (s, CH2, 
aliph.), 3.32 (s, CH2-Br), 7.70-7.73 (dist. d, 8H, arom.), 7.87 (s, 4H, arom.). Anal. Calcd. for 
(C29H40)x(C25H30 Br2)y: C, 75.43; H, 8.27. Found: C, 77.94; H, 9.89. 
 
Br Br
x
 
P8a[5,22] 
 
Synthetic Procedure 
 
Compound 2, DFB, tetrakis(triphenylphosphine)palladium(0) and aliquat 336 were added in a 
Schlenk tube. Subsequently, 2M Na2CO3 solution and toluene were added in a 1:1 mixture 
and the system was allowed to stir for 3 days at 120 °C. Bromobenzene was added to the 
system and further stirred for 3 hours. 3 Hours before stopping the reaction phenylboronic 
acid was added and after cooling down to room temperature the reaction solution was taken 
with chloroform and washed with 2 N HCl (2  100 mL), saturated NaHCO3 solution (1  
100 mL) and water (2  100 mL). The organic phase was dried over Na2SO4 and the solvent 
removed by means of reduced pressure. The residue was dissolved in chloroform (1-2 mL), 
precipitated from methanol (300 mL) and the brown solid further extracted with ethanol, 
isopropanol and chloroform. The chloroform fraction was evaporated under vacuum and 
reprecipitated from acetone. 
 
P8a: 2 (0.15 g, 0.23 mmol), 2,2'-(9,9'-dioctyl-9H-fluorene-2,7-diyl)bis(1,3,2-dioxaborinane) 
(0.128 g, 0.23 mmol), tetrakis(triphenylphosphine)palladium(0) (0.021 g, 0.0184 mmol). 
Yellowish solid (110 mg, 39%). UV-vis: λmax (log ε [L  mol
-1
  cm-1]) 380 nm (5.20). 
Emission: λmax 417 nm, 440 nm. IR (cm
-1
): 2922 (s, CH2, stretching), 2851 (m, CH2, 
stretching), 1734 (w, C=C, stretching), 1605 (w, C=C, stretching), 1451 (m, C-H, 
deformation), 1249 (m, C-C, skeletal), 1024 (m, =C-H, in-plane deformation), 811 (s, =C-H, 
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out-of-plane deformation). GPC (g/mol): Mn = 7700, Mw = 12600, PDI 1.64. 
1
H-NMR 
(CDCl3): δ (ppm) = 0.82-0.84 (q, CH3), 1.17 (s, CH2, aliph.), 1.56 (s, CH2, aliph.), 1.73 (s, 
CH2, aliph.), 2.16 (s, CH2, aliph.), 3.32 (s, CH2-Br), 7.70-7.72 (dist. d, 8H, arom.), 7.87 (s, 
4H, arom.). Anal. Calcd. for (C54H70Br2)y: C, 73.79; H, 8.03. Found: C, 74.39; H, 9.20. 
 
6.3.6  Poly(fluorene)s Containing Phosphonate Side-Chains P7b & P8b 
 
P P
O O
O
O O
O
x y
  
P P
O O
O
O O
O
x
 
P7b[5,18]      P8b[5,18] 
 
 
General Procedure for the Synthesis of P7b and P8b 
 
Precursors P7a/P8a were dissolved in triethyl phosphite (10 mL) and vigorously stirred for 5 
days under reflux. Excess of triethyl phosphite was removed by batch distillation and the 
residue dissolved in CHCl3 (1 mL) and precipitated from cold n-hexane (300 mL). 
 
P7b: Polymer P7a (53 mg), triethyl phosphite (10 mL). Yellow solid (39 mg, 74%). UV-vis: 
λmax (log ε [L  mol
-1
  cm-1]) 381 nm (4.98). Emission: λmax 416 nm, 440 nm. IR (cm
-1
): 
2922 (s, CH2, stretching), 2851 (m, CH2, stretching), 2152 (w, P=O, stretching), 1453 (m, C-
H/P-OC2H5, deformation/stretching), 1397 (w, P-OC2H5, wagging), 1233 (m, P=O, 
stretching), 1020 (s, P-OC2H5/=C-H, stretching/in-plane deformation), 953 (s, P-OC2H5/=C-
H, bending/out-of-plane deformation), 812 (s, =C-H, out-of-plane deformation). GPC (g/mol): 
Mn = 15100, Mw = 34400, PDI 2.28. 
1
H-NMR (CDCl3): δ (ppm) = 0.84 (dist. t, CH3), 1.16-
1.28 (m, CH2), 1.36 (s, CH2), 1.48 (s, CH2), 1.64 (s, CH2), 2.15 (s, CH2), 4.04 (dist. s, CH2-O-
P), 7.70 (s, arom.), 7.86 (s, arom.). 
31
P-NMR (CDCl3): δ (ppm) = 32.48. Anal. Calcd. for 
(CHCl3)(C29H40)x(C33H50O6P2)y: C, 71.60; H, 8.81. Found: C, 70.42; H, 9.39. 
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P8b: Polymer P8a (70 mg), triethyl phosphite (8 mL). P8b was obtained as a greenish solid 
(43 mg, 61%). UV-vis: λmax (log ε [L  mol
-1
  cm-1]) 382 nm (5.71). Emission: λmax 416 nm, 
441 nm. IR (cm
-1
): 2922 (s, CH2, stretching), 2851 (m, CH2, stretching), 2152 (w, P=O, 
stretching), 1453 (m, C-H/P-OC2H5, deformation/stretching), 1396 (w, P-OC2H5, wagging), 
1229 (m, P=O, stretching), 1160 (w, =C-H/P-OC2H5, in-plane deformation/rocking), 1025 (s, 
P-OC2H5/=C-H, stretching/in-plane deformation), 954 (s, P-OC2H5/=C-H, bending/out-of-
plane deformation), 814 (m, =C-H, out-of-plane deformation). GPC (g/mol): Mn = 9100, Mw 
= 20600, PDI 2.26. 
1
H-NMR (CDCl3): δ (ppm) = 0.84 (dist. t, CH3), 1.16 (s, CH2), 1.36 (t, 
CH2), 1.48 (s, CH2), 1.64 (s, CH2), 2.15 (s, CH2), 4.04 (dist. s, CH2-O-P), 7.71 (s, arom.), 7.86 
(s, arom.). 
31
P-NMR (CDCl3): δ (ppm) = 32.48. Anal. Calcd. for (CHCl3)(C54H90O6P2)y: C, 
69.72; H, 8.73. Found: C, 69.45; H, 9.11. 
 
6.3.7 Reference Copolymer 
 
x
y
 
Pref[2,19] 
 
3 (0.324 g, 0.59 mmol), 4 (0.2 g, 0.59 mmol). Pref yielded a yellow solid (73 mg, 13%). UV-
vis: λmax (log ε [L  mol
-1
  cm-1]) 391 nm (6.06). Emission: λmax 434 nm, 461 nm. IR (cm
-1
): 
2918 (s, CH2, stretching), 2844 (m, CH2, stretching), 1453 (m, C-H, deformation), 1249 (w, 
C-H, deformation), 810 (s, =C-H, out-of-plane deformation). GPC (g/mol): Mn = 12200, Mw 
= 27100, PDI 2.2. 
1
H-NMR (CDCl3): δ (ppm) = 0.73-0.75 (t, CH3), 1.06 (m, CH2, aliph.), 
1.27 (s, CH2, aliph.), 1.60 (s, CH2, aliph.), 2.1 (s, CH2, aliph.), 7.60-7.76 (m, arom.). Anal. 
Calcd. for (C29H40)x(C14H10)z: C, 91.98; H, 8.01. Found: C, 80.68; H, 8.29. 
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6.4 Hybrids 
 
6.4.1 Fluorene-CdSe Nanocomposite 1 as Monomer 
 
 
 
NC1[4,23] 
 
The synthesis of NC1 was performed in the groups of Dr. Andrey Rogach and Prof. Dr. 
Feldmann in the Department for Physics and Center for Nanoscience at the Maximilian 
University of Munich and is described below: 0.21 g (0.79 mmol) Cd(CH3COO)2  2 H2O, 
2.75 g (11.51 mmol) n-hexadecylamine, 0.75 g (2.71 mmol) tetradecylphosphonic acid and 
0.94 g (0.18 mmol) 2,7-dibromo-9,9'-bis(6-aminohexyl)-9H-fluorene 14 were heated under 
argon to 270 °C. After formation of a transparent solution, 0.4 g of selenium in 4 g of tris-n-
octylphosphine were added via a septum. After 5 minutes of heating under argon at 270 °C, 
the reaction was stopped and NCs have been purified by several cycles of precipitation with 
methanol and redissolution in toluene. 
IR (cm
-1
): 2955 (w, CH2, stretching), 2911 (s, CH2, stretching), 2843 (s, CH2, stretching), 
2359 (w, NH2 surface-bound, stretching), 1637 (w, P-OH, deformation), 1540 (w, N-H, 
scissoring), 1468 (m, C-H, deformation), 1175 (m, C-N, stretching), 1088 (m, P=O, 
stretching), 1041 (m, C-C, skeleton), 897 (m, C-C, skeleton), 711 (m, C-C, skeleton). 
 
 
 
 
 
 
 
 
 
 
 
 
BrBr
H2N NH2
CdSe 
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6.4.2 Oligo(fluorene)-CdSe Nanocomposite 2 
 
 
 
NC2[4,24] 
 
Nanocomposite NC1 (0.052 g, 46.1  10-7 mmol), Ni(COD)2 (0.005 g, 0.018 mmol), 2,2'-
bipyridine (0.003 g, 0.19 mmol) and 1,5-cyclooctadiene (0.01 mL, 0.08 mmol) were added 
together in a Schlenk tube. Subsequently, a THF/toluene 1:1 mixture (20 mL in total) was 
added to the reaction system and was allowed to stir for 3 days at 90 °C. 3 Hours before 
stopping the reaction, 0.05 mL of bromobenzene were added and after cooling down to room 
temperature the reaction solution was taken with chloroform and washed with 2 N HCl (1  
100 mL), saturated NaHCO3 solution (1  50 mL) and water (2  100 mL). The organic phase 
was dried over Na2SO4 and the solvent removed under reduced pressure. The residue was 
isolated as red-particle like material (0.037 g, 71%). UV-vis: max (log ε [L  mol
-1  cm-1]): 
540 nm (3.07). Emission: max 413 nm, 545 nm. IR (cm
-1
): 2915 (s, CH2, stretching), 2851 (m, 
CH2, stretching), 2351 (w, NH2 surface-bound, stretching), 2330 (w, NH2 surface-bound, 
stretching), 1461 (w, C-H, deformation), 880 (s, N-H, out-of-plane bending). 
1
H-NMR 
(CDCl3): δ (ppm) = 0.90 (t, CH2), 1.28 (s, aliph.), 1.52-1.62 (m, CH2), 1.64-1.71 (m, CH2), 
1.88-1.95 (m, CH2), 2.76 (s, N-CH2). GPC (g/mol): Mn = 1276, Mw = 1736, PDI 1.36. 
MALDI-TOFMS (m/z): 1166.6 (trimer-Br). 
 
 
 
 
 
 
 
CdSe 
BrBr
H2N NH2
n
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6.4.3 Poly(fluorene)-CdSe Nanocomposite 3 
 
 
NC3[4,24] 
 
Nanocomposite NC1 (0.06 g, 0.109 mmol) with 2,7-dibromo-9,9'-dioctyl-9H-fluorene 3 
(0.052 g, 9.2  10-7 mmol), Ni(COD)2 (0.072 g, 0.26 mmol), 2,2'-bipyridine (0.037 g, 0.24 
mmol) and 1,5-cyclooctadiene (0.03 mL, 0.24 mmol) were added together in a Schlenk tube. 
Subsequently, a THF/toluene 1:1 mixture (20 mL in total) was added to the reaction system 
and was allowed to stir for 3 days at 90 °C. 3 Hours before stopping the reaction, 0.05 mL of 
bromobenzene were added and after cooling down to room temperature the reaction solution 
was taken with chloroform and washed with 2 N HCl (1  100 mL), saturated NaHCO3 
solution (1  50 mL) and water (2  100 mL). The organic phase was dried over Na2SO4 and 
the solvent removed under reduced pressure. The residue was dissolved in chloroform (1-2 
mL) precipitated from methanol (300 mL) and further purified over size exclusion 
chromatography (Biobeads). Red particle-like material (0.1 g, 83%). UV-vis: max (log ε [L  
mol
-1  cm-1]): 375 nm (4.54). Emission: max 414 nm, 438 nm. IR (cm
-1
): 2919 (s, CH2, 
stretching), 2851 (m, CH2, stretching), 2359 (w, NH2 surface-bound, stretching), 2334 (w, 
NH2 surface-bound, stretching), 1451 (m, C-H, deformation), 1145 (m, C-N, stretching), 815 
(m, arom. C-H, out-of-plane deformation), 739 (m, C-C, skeletal). 
1
H-NMR (CDCl3): δ (ppm) 
= 0.89 (m, CH3), 0.97-0.99 (d, CH2), 1.07 (s, CH2), 1.28 (s, CH2), 1.46 (s, CH2), 3.83 (t, N-
CH2, 1-n-hexyldecylamine), 4.33 (m, P-CH2, tetradecylphosphonic acid), 7.46 (d, arom.), 7.48 
(d, arom.), 7.53-7.57 (qui., arom.), 7.74 (s, arom.). GPC (g/mol): Mn = 3718, Mw = 4738, PDI 
1.27. MALDI-TOFMS (m/z): 387.4 (monomer), 778.0 (dimer), 830 (monomer-ligand-Br), 
1166.6 (trimer), 1556.2 (tetramer), 1943.6 (pentamer), 2332.9 (hexamer), 2722.0 (heptamer), 
CdSe 
H2N NH2
Br Br
n
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3109.2 (octamer), 3497.1 (nonamer), 3888.0 (decamer), 4275.6 (undecamer), 4663.9 
(dodecamer). 
 
6.4.4 CdSeref Nanocrystals 
 
The synthesis was carried out in the groups of Dr. Andrey Rogach and Prof. Dr. Feldmann in 
the Department for Physics and Center for Nanoscience at the Maximilian University of 
Munich.[25] Briefly, 0.21 g (0.79 mmol) Cd(CH3COO)2  2 H2O, 2.75 g (11.51 mmol) n-
hexadecylamine and 0.75 g (2.71 mmol) tetradecylphosphonic acid were heated under argon 
at 270 °C. After formation of a transparent solution 0.4 g of selenium in 4 g of tris-n-
octylphosphine were added via a septum. After 3 minutes of heating under argon at 270 
o
C, 
the reaction was stopped and nanocrystals have been purified by several cycles of 
precipitation with methanol and redissolution in toluene. 
IR (cm
-1
): 2955 (w, CH2, stretching), 2911 (s, CH2, stretching), 2843 (s, CH2, stretching), 
2375 (vw, NH2 surface-bound, stretching), 1637 (w, P-OH, deformation), 1540 (w, N-H, 
scissoring), 1471 (m, C-H, deformation), 1172 (m, C-N, stretching), 1090 (m, P=O, 
stretching), 1044 (m, C-C, skeleton), 901 (m, C-C, skeleton), 715 (m, C-C, skeleton). 
 
6.5 Synthesis of CdTe Nanocrystals and Nanocrystal-Polymer Composites 
 
6.5.1 CdTe/HS-C6H4-Br Nanocrystals 
 
The synthesis was carried in the group of Prof. Dr. Eychmüller in the Physical 
Chemistry/Electrochemistry Department at the Technical University of Dresden.[25,26] 
Briefly, 0.53 g (2.3 mmol) of Cd(OOCH3)2 and 0.57 g (3 mmol) of 4-bromobenzenethiol were 
dissolved in 120 mL of DMF. This solution was deaerated by bubbling with argon for 30 min. 
Under stirring, H2Te gas generated by the reaction of 0.67 g (1.5 mmol) of Al2Te3 with an 
excess of 0.5 M H2SO4 solution, was injected into the reaction mixture with a slow argon 
flow. The molar ratio of Cd
2+
/Te
2-
/HS-C6H4-Br was 1:2:1.3. Formation and growth of the 
NCs proceeded upon reflux under open-air conditions during an interval of 10 hours. The 
colloid obtained was purified by reprecipitation and removal of approximately 90% of the 
solvent under vacuum allowed a further precipitation by addition of excess of methanol. The 
precipitate was separated by centrifugation and dissolved in DMF yielding a nanocrystal 
concentration of 9  10-4 M (40 mg/mL). 
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A set of CdTe nanocrystals (CdTe A-E) with varying emission colors were also prepared 
following the same experimental procedure. Formation and growth of the NCs proceeded 
upon reflux under open-air conditions, however, colloidal fractions containing NCs of 
different sizes emitting green (2.1 nm) to orange (2.9 nm) were taken during the reaction after 
20 min, 1 h, 2 h, 4 h and 6 h of reflux, respectively. The colloids obtained were purified by 
reprecipitation and after removal of the solvent the nanoparticles were precipitated by 
addition of methanol. The precipitates were separated by centrifugation and dissolved in DMF 
yielding nanocrystal concentrations varying from 1  10-3 M to 7.3  10-4 M. 
6.5.2 CdTe/HS-C6H4-Br-Polymer Composites 
 
Solutions of copolymers Pref, P2a and P2b in THF were prepared in a concentration of 1 
mg/mL. The CdTe nanocrystals capped with 4-bromobenzenethiol (HS-C6H4-Br) and bearing 
a particle concentration of 9  10-4 M (40 mg/mL) in DMF were diluted in THF by a 1:3 ratio 
(v:v). Subsequently, 1:1 mixtures (v:v) of the respective copolymers and surface 
functionalized CdTe NCs were prepared. The solutions were heated up to 60 °C and 
subsequently, drop-casted (~100 μL) on glass substrates. After vaporization of the solvents by 
means of a fume hood, fluorescence excitation measurements were conducted. 
 
6.5.3 CdTe/HS-C6H4-Br-Polymer Composites for White-Light Emission 
 
Copolymers P3-P6 were mixed with yellow-emitting CdTe nanocrystals, which were 
prepared by combining green (CdTe B) and orange-red emitting (CdTe E) nanocrystals. The 
CdTe B to CdTe E ratio varied from 2.5-2.8 and addition to the blue-emitting polymer-
solutions resulted after fine tuning in white-light emitting DMF solutions. Films were 
prepared by drop-casting the aforementioned solutions on glass substrates. The batch 
concentrations used for the preparation of the solutions were 1.08  10-4 M for CdTe B 
nanocrystals, 2.4  10-5 M for CdTe E nanocrystals and 1 mg/mL for the polymers. 
 
6.5.4 CdTe/HS-CH2-COOH Nanocrystals 
 
The CdTe nanocrystals were endcapped with thioglycolic acid (HS-CH2-COOH) and 
synthesized by Dr. Vladimir Lesnyak in the group of Prof. Dr. Eychmüller (Technical 
University of Dresden, Physical Chemistry/Electrochemistry Department) following a 
standard aqueous synthetic approach.[25] The obtained nanocrystals were water-stable and 
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represent two different species exhibiting emission maxima at 534 (green CdTe) and 631 nm 
(red CdTe). 
 
6.5.5 CdTe/HS-CH2-COOH-Polymer Composites 
 
THF solutions of copolymers P7b/P8b (0.1 mg/mL) were prepared and filtered through a 
micropore syringe filter (0.45 μm). A volume of 2 mL of the stock solutions was injected in 
50 mL distilled water. After removal of THF under vacuum, the dispersions were filtered 
through a paper filter (90 mm of diameter). CdTe water solutions (100 μL) of 5.58  10-5 
mol/L concentration for green-light emitting nanocrystals and 1  10-5 to 6  10-5 mol/L 
concentration for red-light emitting species were injected in the polymer dispersions of 10 mL 
in volume and 10
-4
 mol/L in concentration. The fluid systems were sonicated for 1 hour at 
room temperature. As a control experiment, nanocrystals or polymers solely with the 
aforementioned concentrations were injected in water and sonicated for 1 hour at room 
temperature. For solutions, which were not subjected to the ultrasonic bath procedure, 
concentrations of 10
-4
 mol/L for the copolymers (10 mL in volume), 1  10-5 mol/L for the red 
CdTe (100 μL) and 5.58  10-5 mol/L for the green CdTe (100 μL) nanocrystals were used, 
respectively (section 3.4, Figures 3.17 a-b). 
 
6.5.6 Centrifugation Experiments for the CdTe/HS-CH2-COOH-Polymer 
Composites 
 
Dispersions of the composites P7b MPs+CdTe and P8b MPs+CdTe were prepared according 
to the precipitation-sonication method (see 6.5.5). The polymers concentration was 10
-4
 
mol/L, while the CdTe concentration varied from 1  10-5 to 6  10-5 mol/L. Each time 1 mL 
of the dispersions was subjected to centrifugation applying different time intervals and 
centrifugation velocities (see section 3.4, Table 3.6). Subsequently, the optical 
characterization of the supernates and the precipitates were investigated by means of 
fluorescence spectrophotometry. 
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